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In this work, the solvent field and temperature are used to explore the mutual transformation dynamic 5 

process and mechanism between the α-conformation and β-conformation in Poly(9,9-dioctylfluorene) 

(PFO) precursor solution. The conformational transformation of PFO chain is researched by UV-vis 

absorption spectra and the proportions of β-conformation are quantitatively calculated. The corresponding 

variation trend of aggregation structure is researched by using static and dynamic light scattering 

(SLS/DLS) method. It is found that the mutual transformation process between α-conformation and β-10 

conformation are reversible in essence. Especially in the transformation processes, the complicated 

relationship between the β-conformation and aggregation structure is understood, that is the aggregation 

structure make β-conformation formed under solvent field, then the conformational transformation of β-

conformation promotes the dissociation of aggregation structure under temperature. The above results 

give an insight into the β-conformation and aggregation structure of PFO in theory. Furthermore, under 15 

the temperature, we find that both two transformation steps have good linear correlations, which indicates 

that using temperature can be considered as a good method to accurately control the proportion of β-

conformation in actual application, and it will help us to get the desired proportion of β-conformation in 

PFO precursor solution so as to make the charge carrier mobility of optoelectronic films increased and 

device performance better.  20 

1 Introduction 

In recent years, conjugated polymer materials have extensively 

been used to solar cells, field effect transistors, light-emitting 

diodes, etc.1-9 However, some obstacles still need to be overcome 

before the possible mass industrial production. One of the most 25 

limiting factors for device performance is charge carriers 

mobility. Usually, precursor solution is a determining factor for 

the properties of devices.10-12 Therefore, in order to maximize 

some of the properties of polymer optoelectronic device, a key 

point is to control the microscopic scale structure (chain 30 

aggregation and conformation) of semi-rigid polymer chain in 

precursor solution. 

Because of the outstanding optical and electrical 

characteristics, PFO has been recognized as an important 

conjugated polymer material.13-21 There mainly exist two kinds of 35 

chain conformations of PFO, marking as α type and β type.22 The 

α type indicates the locally separated chain conformation. While 

β type describes the weakly ordered domains which can be 

confirmed by X-ray scattering.18,21 Moreover, the α type has a 

smaller intrachain torsion angle than that of the β type, which 40 

means that the β type is a more coplanar type, and has an 

additional local conjugation order state (see Figure 1).11,12 The β 

type conformation structure can facilitate charge carrier transport 

and lead to a higher charge carrier mobility and efficiency of PFO 

optoelectronics devices.23,24 Especially, as a “self-dopant” to PFO 45 

chain itself,24,25 β type conformation has great potential as a 

development target for polymer electrically pumped lasing.26 

Thus based on the presentation in the above paragraph, it is quite 

essential to research and control the conformation of PFO in 

precursor solution ahead of the device fabrication.  50 

Following Bradley et al.,27 many researchers have reported 

their researches on PFO conformation changing process.28-36 In 

recent reports, it can be known that by increasing the intra-chain 

torsion angle of PFO chain in precursor solution, α type 

conformation may transform into β type.10- 12  Also, β-55 

conformation can coexist with α-conformation and they can 

transform into each other in solution.11,12 However, the detailed  

 

Fig.1 Schematic molecular diagram, (a) The α-conformation of PFO. (b) The β-conformation of PFO. 

Page 2 of 13Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Soft Matter 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  2 

transformation mechanism of α and β conformation 

transformation in solution is not quite clear. Hence, the research 

on the mutual transformation mechanism between α and β 

conformation transformation is very critical. In this work, the 

transformation process and mechanism were studied by two kinds 5 

of external fields: solvent field and temperature. The 

conformational transformation of PFO chain was explored by 

UV-vis absorption spectra and the proportions of β-conformation 

were quantitatively calculated. The corresponding variation trend 

of aggregation structure was explored by light scattering (DLS 10 

and SLS). In the process, the conformational transformation and 

aggregation structure of PFO were controlled smoothly and 

simply by mixing two perfectly miscible solvents. It was found 

that the mutual transformation process between α and β 

conformation were reversible in essence. Especially, the 15 

complicated relationship between the PFO β type conformation 

and aggregation micro-structure in solution was understood, 

which was still on debate before.10,11,18,22,37-39    

2. Experimental section 

2.1. Materials and the Preparation of Samples.  20 

PFO was bought from American Dye Source, Catalog 

No.ADS329BE, the weight-average molecular weight (Mw) was 

46000 g/mol. Toluene and ethanol were used as good and poor 

solvent separately, both were bought from Beijing Chemical 

Company. In the light scattering experiment, the PFO solution 25 

with α-conformation and β-conformation mixed together was 

prepared by following three steps: firstly the PFO was dissolved 

to solution by the good solvent toluene at 323 K; secondly the 

PFO solution was filtered directly through Millex Millipore PTFE 

membrane (0.45 µm) into the light scattering cell; thirdly the poor 30 

solvent ethanol which had been filtered before was added into the 

light scattering cell to induce the β-conformation formed. Finally, 

the ratios of toluene/ethanol of the PFO solutions were 32:1, 16:1, 

8:1, 4:1, 2:1, respectively, and all the concentrations were 0.05 

mg mL-1. Also, the PFO aggregation depends on the time elapsed 35 

after preparation. So the time between sample preparation and 

measurements are the same for all samples, which are 5 minutes. 

For the polymer solution, solvent has a weak stimulation effect 

on polymer chain as an external filed like electricity, temperature 

and force, accompanied with an corresponding strong response of 40 

the polymer chain (chain conformations or aggregation structure 

change). In this work, solvent field means using a mixture of 

good/poor solvent with different ratios, such as 32:1, 16:1, 8:1, 

4:1, 2:1. 

2.2. The Calculation Method of the Proportion of β-45 

Conformation 

The calculation method of the proportion of β-conformation in 

PFO solution has been reported in our previous researches,11,12 

and it was also presented in Supporting Information.  

2.3. Measurements 50 

UV-vis studies were carried out by Shimadzu UV-3000 

spectrophotometer. The quartz cuvette was used. 

2.4. Light Scattering (LS) Measurements 

An ALV/CGS-3 light scattering spectrometer was used in the 

LS measurements, the spectrometer was equipped with an 55 

ALV/LSE-7004 multiple-τ digital correlator and a 22 mW JDS-

Uniphase solid-state He-Ne laser (the wavelength was 632.8 nm). 

The LS cell was put in a thermostat with filtered toluene. In Static 

LS (SLS), the Rayleigh ratio Rvv(q), which leads to the z-

averaged root-mean-square radius of gyration Rg of scattering 60 

objects was measured, where q is the scattering vector.40 In 

dynamic LS (DLS), the intensity time correlation function g2(t) 

was measured, where t was the decay time. The g2(t) could be 

used to calculated the distribution of relaxation times G(τ) from 

the Laplace inversion,41 the normalized first-order electric field 65 

time correlation function g1(t) could be obtained from the linear 

fit model , and the g2(t) could be related to 

g1(t) from the Siegert relation g2(t) = 1 + β|g1(t)|2, the details of 

the LS theory can be seen elsewhere.42,43 

3. Results and discussion  70 

3.1. Study the Transformation Process and Mechanism from 
the α type and β type conformation of PFO by the Solvent 
Field 

In the previous research, it was found that the proportion of the 

β-conformation of PFO can be enhanced significantly by the 75 

solvent field, and the percentage of poor solvent ethanol was in 

the range of 10% to 90%.11 In this work, a smaller percentage 

range of ethanol (3.03% to 11.11%) was used to induce the 

transformation from the α-conformation to β-conformation, the 

aim is to explore the formation process and mechanism of β-80 

conformation in PFO solution. In Figure 2(a), a normalized UV-

vis adsorption spectra is shown, in which five PFO samples 

dissolved in different ratios of toluene/ethanol are presented. In 

order to avoid precipitation effects, all the curves were 

normalized at 405 nm (isobestic point), which has been identified 85 

in some articles.38,44 The peak at 437 nm indicates a exist of β 

type conformation, while a main band at 391 nm indicates α type 

conformation.38 From the ratios of toluene/ethanol 32:1 to 8:1 in 

PFO solution, the peaks of β-conformation in Figure 2 (a) are 

very slow. The magnified images of these three curves were 90 

presented in the inset. From the inset, with ethanol ratio change, it 

is clear that the peaks of β type conformation slightly increase, 

which demonstrates the α type conformation hasn’t significantly 

transform into β-conformation in this stage. While with the ratio 

of toluene/ethanol varies from 8:1 to 2:1, a sharp rise of the peak 95 

of the β type conformation show up, it means that the α-

conformation are rapidly transforming into β-conformation. 

To better understand the variation trend of β-conformation, the 

proportions of β-conformation of the five PFO samples were  

100 
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Fig.2  (a) Normalized UV-vis absorption spectra of five PFO samples with different toluene/ethanol ratios: 32:1, 16:1, 8:1, 4:1, 2:1. All the five curves 

were normalized at the isobestic point (405 nm). The magnified images of 32:1, 16:1 and 8:1 are presented in the inset. (b) The proportions of β-

conformation of five PFO samples with different toluene/ethanol ratios: 32:1, 16:1, 8:1, 4:1, 2:1, the error estimates of β-conformation are around 0.03%. 

calculated by the method which was reported in the previous 5 

researches,11,12 and they were presented in Figure 2 (b). It can be 

easily found that from the ratios of toluene/ethanol 32:1 to 8:1 

(called as “First stage”), the proportions of β-conformation are 

around 0.60% and almost do not change with the increasing 

percentage of ethanol. However, from the ratios of 10 

toluene/ethanol 8:1 to 2:1 (called as “Second stage”), the 

proportions of β-conformation were enhanced rapidly from 

0.67% to 12.59%. The experiment can be repeated and the results 

were similar. This phenomenon is so interesting, and it indicates 

that the solvent field could not induce a large amount of β-15 

conformation formed if the percentage of ethanol is not high 

enough. The transformation process and mechanism from the α-

conformation to β-conformation arouses our interest, and it will 

be discussed in detail below. (In supporting information, the 

corresponding light emission spectra Fig.S1 is well consistent 20 

with the UV-vis absorption spectra Fig.2 (a)) 

The aggregation structure variations of PFO solutions with five 

toluene/ethanol ratios were measured by DLS. Figure 3(a) shows 

the autocorrelation function of these solutions. Figure 3 (b) gives 

their corresponding hydrodynamic radius distribution. In Figure 3 25 

(b), two modes appear. For the 32:1 solution, the fast mode, with 

the peak of 8 nm, is the PFO single chain (α-conformation), while 

the slow mode with the peak of 100 nm is the aggregation  
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Figure 3 (a) The solvent dependence of autocorrelation functions of the PFO solution, the ratios of toluene/ethanol was 32:1, 16:1, 8:1, 4:1, 2:1, 30 

respectively. (b) The corresponding hydrodynamic radius distribution. (θ=40°, T=303 K) 
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structure composed of the β-conformation. From the ratios of 

toluene/ethanol 32:1 to 8:1 (“First stage”), the proportion of the 

fast mode (α-conformation) decreases with ethanol, and 

meanwhile the hydrodynamic radius Rh of slow mode increase 

slightly (i.e. the aggregation degree of PFO increases with 5 

ethanol). While from the ratios of 8:1 to 2:1 (“Second stage”), not 

only the proportion of the fast mode continues decreasing but also 

its Rh peak increases from 8 nm to 70 nm. While the Rh peak of 

slow mode increases from 100 nm to 800 nm. It indicates that the 

aggregation degree of PFO chains becomes higher in “Second 10 

stage” than in “First stage”. And for the PFO solution of 

toluene/ethanol the ratio of 2:1, its slow mode 800 nm (290-2000) 

has the narrower distribution. After repeating the experiment for 

several times, similar results were got. 

The solvent correlation of decay time <Г> between q2 is shown 15 

in Figure 4 (a) and (b), and the slope is the diffusion coefficient 

D. Diffusion coefficient D reflects the speed of polymer chain in 

solution. If the D is big, the speed of polymer chain will be fast 

and the aggregation degree will be low. In contrast, if the D is 

small, the speed of polymer chain will be slow and the 20 

aggregation degree will be high. The experiment results show that 

the linear relationship between the <Г> and q2 is good for each 

PFO solution. The fast mode is the diffusive motion of α-

conformation of PFO, while the slow mode should be due to the 

diffusive motion of aggregation structure in solution. From the 25 

ratios of toluene/ethanol 32:1 to 2:1, it can be seen that all the 

values of Df and Ds were decreased with ethanol. This result 

reflects that the aggregation degree is becoming higher with 

ethanol, which is just consistent with Figure 3 (b). 

3.2. Transformation Process and Mechanism from the α-30 

conformation to β-conformation in PFO Solution 

Comparing Figure 2 (b) with Figure 3(b), it can be found that 

the conformational transformation of PFO has a strong 

correlation with the variation trend of aggregation structure. From 

the ratios of toluene/ethanol 32:1 to 8:1 (“First stage”), in Figure 35 

2 (b), there is a small amount of the formation of β-conformation. 

And meanwhile in Figure 3 (b), neither the Rh of the fast mode 

nor the slow mode change significantly, only the relative 

proportion of fast mode/slow mode change with ethanol. While 

from the ratios of toluene/ethanol 8:1 to 2:1 (“Second stage”), in 40 

Figure 2 (b), there is a large amount of the formation of β-

conformation. And meanwhile in Figure 3 (b), both the Rh of the 

fast mode and slow mode increase greatly, and the relative 

proportion of fast mode becomes rather low. The experiment 

results show that when the percentage of poor solvent ethanol in 45 

PFO solution is not high, the ethanol can make the interchain 

attraction of PFO chains bigger, but it can’t supply enough 

energy to induce the β type conformation formation. Only when 

the percentage of ethanol reaches a certain value, the PFO α type 

conformation may transform into β type conformation. Thus, 50 

under the solvent field, the transformation process and 

mechanism from the α-conformation to β-conformation in PFO 

solution can be depicted, as presented in Figure 5. 

In Figure 5, the transformation process and mechanism from 

the α-conformation to β-conformation can be explained by two 55 

stages. In the first stage (from 32:1 to 8:1), the addition of poor 

solvent ethanol can decrease the interaction between solvent 

molecule and PFO chain, then it will increase the interchain 

attraction of PFO chains and make the distance between different 

chains becomes near, which will lead to the formation of 60 

aggregation structure. However, the aggregation degree is not  
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Fig. 4 Solvent dependence of average characteristic line width <Г> vs q2 in PFO solutions, the ratios of toluene/ethanol was 32:1, 16:1, 8:1, 4:1, 2:1, 

respectively. (a) the fast diffusive relaxation mode (α-conformation). (b) the slow diffusive relaxation mode (aggregation structure). 
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Fig. 5 Transformation process and mechanism from the α type conformation to β type conformation in PFO solution under the solvent field, the ratio of 

toluene/ethanol is from 32:1 to 2:1. 

very high at that time and the distance is also not near enough. 5 

According to the interdigitated model,20 the interaction of side-

chain is not able to provide enough energy in this stage for the 

PFO main chain to overcome the steric hindrance therefore 

flatten a hierarchical structure (the intrachain torsion angle of β-

conformation is 165°, which is more planar than the 135° of α-10 

conformation). Thus the first stage can be considered as a process 

which is storing up the energy. While in the second stage (from 

8:1 to 2:1), the further addition of ethanol can make the 

aggregation degree become high enough, then the side-chain 

interaction in aggregation structure can be strong enough to make 15 

the PFO backbone planar, namely it will induce the α-

conformation transforming into β-conformation largely. Thus 

from all above, the transformation process and mechanism from 

the α-conformation to β-conformation under the solvent field has 

been explained in detail, namely the aggregation structure 20 

induces the formation of β-conformation in PFO solution. 

3.3. The Proof of Transformation Process and Mechanism 
from the α-conformation to β-conformation 

To prove the rationality of transformation process and 

mechanism in Figure 5, SLS/DLS was introduced to study the 25 

variation trend of Rg, Rh, and Rg/Rh in PFO solution. Here it 

should be emphasized that Rg represents the root mean square 

radius of gyration, it reflects the actual size of aggregation 

structure. Rh is the hydrodynamic radius, it reflects the 

aggregation degree of PFO chains. The ratio of Rg/Rh is named 30 

the form factor, which is used to describe the topological 

structure and extension state of polymer chains in solution.12 

Figure 6 shows the solvent dependence of Rg, Rh, and Rg/Rh of 

these five PFO solutions. It can be seen that both Rg and Rh 

increases with ethanol, while the form factor Rg/Rh decreases with 35 

ethanol. We compared the results in Figure 6 with Figure 5. 

Firstly in Figure 5, it can be seen that the actual size Rg of 

aggregation structure indeed becomes bigger, which agrees well 

with the result of Rg in Figure 6. Secondly, as mentioned above, 

the interchain attraction in solution will increase with ethanol, 40 

which results in a limitation on the movement of PFO chains, so 

the Rh in Figure 6 becomes bigger. And Figure 5 is just consistent 

with it. Thirdly, according to the relevant reports,12,45-50 the 

structure of polymer chains will be more extended if the Rg/Rh is 

bigger, and it will be more compact if the Rg/Rh is smaller. In 45 

Figure 6, the Rg/Rh decreases with ethanol and reaches the value 

of 0.15 at last, which indicates that the aggregation structure in 

PFO solution becomes rather compact. And the corresponding 

variation trend of aggregation structure in Figure 5 is still well 

consistent with this trend. Thus, from the results of Rg, Rh, and 50 

Rg/Rh in Figure 6, it can be proved that the transformation process 

and mechanism from the α-conformation to β-conformation in  
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ratio of toluene/ethanol is from 32:1 to 2:1. 55 
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Fig. 7 (a) Normalized UV-vis absorption spectra of PFO solutions at different temperature, the ratio of toluene/ethanol is 2:1 and the temperature range is 

from 303 K to 338 K. (b) The corresponding proportions of β-conformation with temperature, and they were processed by the piecewise linear fit, and the 

error estimates of β-conformation are around 0.03%. 

Figure 5 is reasonable and credible. 5 

3.4. Study the Transformation Process and Mechanism from 
the β-conformation to α-conformation by the Temperature   

After understanding the transformation process and mechanism 

from the α-conformation to β-conformation, we want to know if 

the β-conformation can transform into α-conformation through 10 

the opposite process. In the previous report,12 it was found that 

the temperature can induce the β-conformation to transform into 

α-conformation. However, the number of temperature points is 

too small. In the following study, more temperature points were 

used to explore the transformation process and mechanism from 15 

the β-conformation to α-conformation in PFO solution under the 

temperature. 

In the above study under the solvent field, the ratio of 

toluene/ethanol is from 32:1 to 2:1. Here the PFO solution with 

the ratio of 2:1 was chosen as the research object, because its 20 

aggregation degree is the highest according to Figure 3 (b) and 

Figure 4. As shown in Figure 7(a), normalized UV-vis absorption 

spectra of toluene/ethanol ratio of 2:1 has a temperature 

dependence, the temperature range is from 303 K to 338 K. With 

the temperature increase, the peak of β-conformation decreases 25 

gradually. To better understand the variation trend of β-

conformation, the corresponding proportions of β-conformation 

with temperature were calculated and they were presented in 

Figure 7 (b). Figure 7 (b) was processed by the piecewise linear 

fit. In Figure 7 (b) we can see that the proportion of β-30 

conformation is always decreasing with temperature, which 

proves that the β-conformation of PFO is transforming into α-

conformation gradually in the process. It should be noted that the 

descent speed of β-conformation below 328 K is different from 

that above 328 K. To distinguish these two steps, we call them as 35 

“First step” and “Second step”, respectively. There are good 

linear correlations between the proportion of β-conformation and 

the temperature in the both two steps. The value of slope for 

“First step” is -0.10, while the value of slope for “Second step” is 

-0.36, namely the descent speed of β-conformation of “Second 40 

step” is faster. This phenomenon was so interesting. It was 

considered that most β-conformation was contained in the 

aggregation structure of PFO chains, and the aggregation 

structure could improve the stability of β-conformation,11 which 

slowed down the descent speed of β-conformation in the “First 45 

step”. However, when the temperature is above 328 K (“Second 

step”), the aggregation structure will disappear gradually, and it 

leads to the faster transformation from the ordered conformation 

(β-conformation) to the disordered conformation (α-

conformation). 50 

DLS is used to further study the transformation process and 

mechanism from the β-conformation to α-conformation in PFO 

solution. It should be noted that there are ten temperature points 

from 303 K to 338 K in Figure 7 (a) and (b). However, too many 

points in one figure will make the autocorrelation function 55 

unclear, thus we selected six representative points from the ten 

temperature points, as presented in Figure 8 (a). Figure 8 (a) 

shows the temperature dependence of autocorrelation functions of 

the 2:1 PFO solution, and Figure 8 (b) gives their corresponding 

hydrodynamic radius distribution from 303 K to 338 K. In Figure 60 

8 (a), it can be seen that the autocorrelation functions become 

steeper gradually with temperature, which reflects that the 

movement of PFO chains are speeding up and the diffusion 

coefficient D is increasing. It indicates that the aggregation 

degree of aggregation structure is decreasing with temperature.  65 

In Figure 8 (b), there are two modes in PFO solution at 303 K. 
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The fast mode, with a dimension of 70 nm, is a measure of α-

conformation, while the slow mode with a dimension of 800 nm 

is a measure of aggregation structure. From 303 K to 323 K, the 

peak at 70 nm disappears, and meanwhile a new peak at 200 nm 

appears. Here we defined a new structure, that is “transition 5 

structure”, and the new peak is attributed to it. In the heating 

process, the transition structure is formed by the aggregation 

structure and the α-conformation together. It can be found that the 

percentage of the new peak at 200 nm is higher than the previous 

peak at 70 nm but still lower than the aggregation structure at 800 10 

nm, which indicates that the movement speed of transition 

structure in PFO solution is faster than the aggregation structure 

but slower than the α-conformation. From 323 K to 328 K, the  
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Fig.  8 (a) The temperature dependence of autocorrelation functions of the 

PFO solution, the ratio of toluene/ethanol was 2:1. Six representative 

points from the ten temperature points were selected from 303 K to 338 

K. (b) The corresponding hydrodynamic radius distribution. (θ=40°) 

span of aggregation structure decreases, and the peak of transition 20 

structure is reduced to 100 nm. So it can be known that only a 

small amount of transition structure is formed from 303 K to 328 

K (“First step”), and the aggregation structure still dominates in 

PFO solution. Especially as mentioned above, the aggregation 

structure can improve the stability of β-conformation, thus the 25 

slower descent speed of β-conformation in “First step” in Figure 

7 (b) can be easily understood. From 328 K to 338 K (“Second 

step”), the peak of aggregation structure is reduced from 800 nm 

to 180 nm, and the peak of transition structure is reduced from 

100 nm to 30 nm. This phenomenon indicates that nearly all the 30 

aggregation structure have transformed into the transition 

structure in this stage, which results in the faster descent speed of 

β-conformation in “Second step” in Figure 7 (b). Also, the 

observed aggregate sizes agreed well with the prior research.18 

3.5. Transformation Process and Mechanism from the β-35 

conformation to α-conformation in PFO Solution 

SLS/DLS was used to study the transformation process and 

mechanism of the 2:1 PFO solution under temperature from 303 

K to 338 K, as shown in Figure 9. In Figure 9, the Rh of the 2:1 

PFO solution decreases with temperature, it reflects that the 40 

movement speed of PFO chains is increasing and the aggregation 

degree is decreasing gradually. The Rg of solution increases from 

130 nm to 280 nm with temperature, which indicates that the 

aggregation structure of PFO chains is expanding gradually, but it 

always maintains certain geometry and the disaggregation hasn’t 45 

occur all of the time. The form factor Rg/Rh is increasing with 

temperature and reaches the value of 1.44 at last, it means that the 

aggregation structure in PFO solution is becoming more loose 

and extended. Especially, the rate of increase of Rg/Rh above 328 

K (“Second step”) is bigger than that below 328 K (“First step”), 50 

and this variation trend is just well consistent with both the 

results in Figure 7 (b) and in Figure 8 (b). Based on the analysis 

above, the transformation process and mechanism of the 2:1 PFO 

solution under the temperature can be described here, as 

presented in Figure 10. 55 
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Fig. 9 The temperature dependence of Rg, Rh, and Rg/Rh of the 2:1 PFO 

solution under the temperature from 303 K to 338 K. 
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Fig. 10 The transformation process and mechanism of the 2:1 PFO solution under the temperature from 303 K to 338 K. 

 

In Figure 10, the left structure is the compact aggregation 

structure, and the right structure is the loose transition structure. 5 

The β-conformation of PFO can form a local ordered 

structure11,18,21,38, just like the structure with parallel arrangement 

in the figure. While the α-conformation can form a disordered 

structure, just like the individual locally separated chain in the 

figure. In the heating process, β-conformation transforms into α-10 

conformation gradually, and meanwhile the aggregation structure 

will expand to be the transition structure.  

For a polymer solution system, the increment of temperature 

can enhance the chains chaos in solution, it can lead to the 

transformation of polymer chain from the ordered conformation 15 

to disordered conformation. It is just a process in which the 

conformational entropy will increase. In Figure 10, firstly, 

temperature rise speeds up the thermal motion of PFO chains and 

enhance the conformational chaos in solution, it can supply 

enough free volume for chains to move, which leads to the 20 

transformation from β-conformation to α-conformation. So it can 

be known that in essence, it is the increase of entropy that induces 

the conformational transformation under the temperature. 

Secondly, the conformational transformation decreases the 

interchain attraction of PFO chains, and consequently increase 25 

the distance between chains in aggregation structure, which 

makes the aggregation structure expand to be the transition 

structure gradually. The expansion of aggregation structure will 

further promote the β-conformation transform into α-

conformation, which well explains the faster descent speed of β-30 

conformation in “Second step” in Figure 7 (b).  

From all above, it can be concluded that for the 2:1 PFO 

solution under temperature, the conformational transformation is 

the first, then it induce the expansion of aggregation structure. 

Also, compared to the prior literatures,18,20,44,51 our proposed 35 

mechanism is consistent with that proposed by Bright et al. and 

Chen et al. 

3.6. Further Study on the Transformation Process and 

Mechanism from the β-conformation to α-conformation by 
the Temperature 40 

From Figure 9 and Figure 10, we can find that the Rg of 

solutions always increases with temperature, indicating the 

transition structure always exists in PFO solution. However, the 

transition structure is less stable than the aggregation structure, 

thus we believe that when the energy is high enough, the 45 

transition structure should be disaggregated into the single chain 

at last. Here the PFO solution with the ratio of toluene/ethanol 4:1 

was chosen to further study the transformation process and 

mechanism from the β-conformation to α-conformation under the 

temperature. It is just because the aggregation degree of the 4:1 50 

PFO solution is smaller than that of the 2:1 PFO solution, based 

on Figure 3 and Figure 4. 

Temperature dependence of the proportions of β-conformation 

in the 4:1 PFO solution was measured, as shown in Figure 11, in 
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which the temperature range is from 303 K to 335 K. Figure 11 

was also processed by the piecewise linear fit, the same as Figure 

7 (b). From Figure 11, it can be known that the proportion of β-

conformation is always decreasing with temperature, indicating 

the β-conformation transforms into α-conformation always in this 5 

process. The descent speed of β-conformation below 318 K is 

different from that above 318 K. To distinguish these two steps, 

we also call them as “First step” and “Second step”, respectively. 

There are good linear correlations between the proportion of β-

conformation and the temperature in the both two steps. The 10 

value of slope for “First step” is -0.06, while the value of slope 

for “Second step” is -0.15, namely the descent speed of β-

conformation of “Second step” is faster. This variation trend of β-

conformation in Figure 11 is similar to that in Figure 7 (b). Thus 

it can be deduced that the transition structure also exist in this 15 

process, and it will dominate in PFO solution when the 

temperature is above 318 K (“Second step”). 

300 305 310 315 320 325 330 335 340
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4
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 Linear Fit of First step 

 Linear Fit of Second step
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Fig. 11 Temperature dependence of the proportions of β-conformation in 

the 4:1 PFO solution, the temperature range is from 303 K to 335 K.  The 20 

figure was also processed by the piecewise linear fit, and the error 
estimates of β-conformation are around 0.03%. 

 

SLS/DLS was used to study the transformation process and 

mechanism of the 4:1 PFO solution under the temperature, as 25 

shown in Figure 12. In Figure 12, the Rh of the 4:1 PFO solution 

decreases with temperature, it reflects that the whole aggregation 

degree of solution is decreasing gradually. From 303 K to 323 K, 

the Rg of solution increases with temperature. While from 323 K 

to 335 K, the Rg of solution decreases rapidly with temperature. 30 

This phenomenon is different from that of the 2:1 PFO solution in 

Figure 9. For the 4:1 PFO solution, as mentioned above, when the 

temperature is above 318 K, the transition structure will dominate 

in solution. Hence, from 323 K to 335 K, the decrease of Rg 

should be attributed to the disaggregation of the transition 35 

structure, which leads to the disappearance of its certain 

geometry. And the transition structure disaggregates into many 

small aggregates in this stage. The form factor Rg/Rh always 

increases with temperature, which indicates that the structure in 

PFO solution is becoming looser and looser. Especially, the rate 40 

of increase of Rg/Rh becomes bigger when the temperature is 

above 331 K. Rg/Rh reaches the value of 2.76 at last. According to 

the relevant reports,12,45-50 when the value of Rg/Rh is beyond 2.0, 

the polymer chain is quite extended. Thus it can be considered 

that the single chains (i.e. α-conformation) dominate at last, and 45 

this result agrees well with that in Figure 11, in which there is 

only 1% β-conformation left at last. Based on the analysis above, 

the transformation process and mechanism of the 4:1 PFO 

solution under the temperature can be described here, as 

presented in Figure 13. 50 
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 Fig. 12  The temperature dependence of Rg, Rh, and Rg/Rh of the 4:1 PFO 

solution under temperature from 303 K to 335 K. 

 

As mentioned above, the increment of temperature can enhance 55 

the chains chaos in solution, which will lead to the transformation 

from the ordered conformation to disordered conformation in 

PFO solution. In Figure 13, firstly from 303 K to 318 K, 

temperature rise promotes the β-conformation transform into α-

conformation, which induces the compact aggregation structure 60 

expand to be the loose transition structure gradually. In this stage, 

the aggregation structure still dominates in solution. Secondly in 

the range from 318 K to 323 K, based on the variation trend of β-

conformation in Figure 11, the transition structure will become 

dominated in solution this moment. The transition structure 65 

continues to expand, but still keeps certain geometry. Thirdly 

from 323 K to 331 K, more conformational transformations make 

the interchain attraction of PFO chains weaken significantly, 

which can’t keep the certain geometry of transition structure 

anymore. Namely the transition structure starts to disaggregate in 70 

this stage. The form factor Rg/Rh increases to the value of 1.26 at 

331 K, so it can be considered that the transition structure has 

disaggregated to be many small aggregates. Finally from 331 K 

to 335 K, the Rg/Rh increase from the value of 1.26 to 2.76, which 

indicates that nearly all the small aggregates have disaggregated 75 

to be the single chains (α-conformation) at last, only few small 

aggregates left (1% β-conformation).  

From all above, the transformation process and mechanism of 

the 4:1 PFO solution under temperature can be understood.  

Page 10 of 13Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Soft Matter 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  10 

  

Fig. 13 The transformation process and mechanism of the 4:1 PFO solution under the temperature from 303 K to 335 K. 

 

Temperature rise can enhance the conformational chaos and 

conformational entropy in PFO solution, and it will lead to the 5 

transformation from the ordered conformation (β-conformation) 

to disordered conformation (α-conformation). Thus in essence, it 

is a process in which the increase of conformational entropy 

induces the conformational transformation. Then conformational 

transformation promotes the aggregation structure to expand to be 10 

the transition structure, subsequently the transition structure 

disaggregates into the small aggregates, and finally into the single 

chains. Thus, it can be concluded that for the 4:1 PFO solution 

under temperature, the conformational transformation is the first, 

then it induce the disaggregation of aggregation structure. Also, 15 

compared with the 2:1 PFO solution, the 4:1 PFO solution 

reflects the whole disaggregation process of aggregation 

structure, while the 2:1 PFO solution only reflects a section of the 

process. 

As mentioned above in the section 3.2, the transformation 20 

process and mechanism from the α-conformation to β-

conformation under the solvent field is that the formation of 

aggregation structure is the first, then it induces the formation of 

β-conformation in PFO solution. Thus it can be known that the 

mutual transformation process between the α-conformation and 25 

β-conformation in PFO solution are reversible in essence (under 

the temperature, the range of temperature is from 303 K to 335 K 

and the equilibrium time of each temperature is 5 minutes). Also 

in the transformation processes, the complicated relationship 

between the β-conformation and aggregation structure in PFO 30 

solution was understood clearly, which was still on debate 

before.10,11,18,22,37-39 

Furthermore, in Figure 7 (b) and Figure 11, it was found that 

there is good linear correlation no matter in the “First step” or in 

the “Second step”. Also, there is small difference of the 35 

proportions of β-conformation between two adjacent 

temperatures. Thus, the appropriate control of temperature can 

help us get the desired proportion of β-conformation in PFO 

precursor solution. 

4. Conclusions  40 

In summary, the solvent field and temperature were used to 

explore the transformation process and mechanism between the α 

type conformation and β type conformation in PFO precursor 

solution. For the transformation from the α-conformation to β-

conformation under the solvent field, firstly the interchain 45 

attraction of PFO chains results in the formation of aggregation 

structure, then the aggregation structure induces the formation of 
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β-conformation. For the transformation from the β-conformation 

to α-conformation under the temperature, firstly the increase of 

conformational entropy induces the conformational 

transformation, then the conformational transformation leads to 

the gradual disaggregation of aggregation structure to the α-5 

conformation. Thus in essence, the mutual transformation process 

between the α type conformation and β type conformation in PFO 

solution are reversible. Especially in the transformation 

processes, the complicated relationship between the aggregation 

structure and β type conformation in PFO solution was 10 

understood clearly. This work gives an insight into the 

aggregation structure and β type conformation in PFO solution in 

theory. 

Moreover, it was found that the variation trend of β-

conformation under the temperature has good linear correlations 15 

both in the “First step” and “Second step”, which means that 

using temperature can be considered as a good method to 

accurately control the proportion of β-conformation. This work is 

significant in well controlling the proportion of β type 

conformation in PFO precursor solution, and may have a 20 

potential of providing a perpetration method for high speed 

charge transport material, using for optoelectronic device. We 

believe the appropriate control of aggregation structure and β 

type conformation in PFO precursor solution will help us to 

realize the electrically pumped organic lasing in the future. 25 
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