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Abstract Freeze-dried nanofiber (Fr-nanofiber), spin-coated film (Sp-film), and

solvent-cast film (So-film) of poly[1-phenyl-2-(p-trimethylsilyl)phenylacetylene]

(PTMSDPA) were prepared to investigate solvent-annealing effects on their FL

emission properties and microstructures by the swelling method. Their FL emission

bands at maximum intensity (kmax,FL) appeared at 525, 535, 540 nm, respectively.

Their FL emission life times (savr) were 0.489, 0.136, 0.130, respectively. In

polarizing optical microscopy (POM) observation, the So-film showed a chevron

texture on the surface, whereas Sp-film did not display any characteristic texture.

The polarizing fluorescence microscopy images of the So-film converted in shadow

when the polarizer angle changed from 0� to 90�. In XRD patterns, So-film showed

a very sharp signal at a small angle of 6.9� with a corresponding lamellar layer

distance of about 13 Å, whereas Sp-film did not show a sharp signal at the same

angle. The FL intensity of PTMSDPA after annealing with ethanol under very slow

evaporation more greatly decreased in turns of Fr-nanofiber (I/I0 0.38), Sp-film

(I/I0 0.47), So-film (I/I0 0.86). FL emission spectra of Sp-film annealed with ethanol,

hexane, and methanol under very slow evaporation were measured. Ethanol

(I/I0 0.47) induced a greater decrease in FL emission intensity as compared to

hexane (I/I0 0.78) and methanol (I/I0 0.65). POM, FL optical microscopy (FOM),

and transmission electron microscopy (TEM) images as well as XRD patterns of
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Sp-film after ethanol annealing under slow evaporation were observed. The POM

images and XRD patterns did not show any significant changes after solvent

annealing while the FOM and TEM images certainly showed a little change. The FL

emission of the film was weaker in the annealed part than in the non-annealed part.

The annealed film exhibited several domains with certain lattice fringes of d space

of *3.6 Å, while the as-prepared film showed exclusively amorphous regions.

Keywords Solvent annealing � Fluorescence � Poly(diphenylacetylene) �
Swelling

Introduction

Intermolecular weak interactions, including hydrogen bonding, p–p interactions,

Van der Waals forces, and London dispersion forces, intrinsically influence the

microstructure and physical properties of a polymer in the solid state. Especially, for

electron-rich, p-conjugated polymers with coplanar rigid backbone skeletons, the

intermolecular stack structure formed by interchain p–p interactions is a very

important factor in determining electrical and photophysical properties in the solid

state [1, 2]. To date, conjugated polymers have been developed for various

optoelectric applications as thin-film organic devices of light-emitting diode (LED)

[3, 4], field effect transistor (FET) [5–7], and photovoltaic cell [8, 9], and so on.

Their device performances, such as emission efficiency, charge mobility, and power

conversion efficiency, respectively, have been remarkably enhanced by reorgani-

zation methods such as thermal annealing.

Thermal annealing is the most universal method to lower the entropy energy of

polymer chains to achieve the most favorable chain-packing structure. This

technique is easily applicable to crystalline and/or thermotropic liquid crystalline

polymers with distinct phase transition temperatures. On the other hand, solvent-

annealing method may be available in lyotropic liquid crystalline polymers with a

high molecular weight (relatively low critical concentration) and a rigid backbone

(high intrinsic viscosity). Especially, solvent annealing may be greatly effective for

highly porous polymers as the solvent vapors and liquids can readily diffuse into the

solids through the many microvoids. However, only a few examples of solvent

annealing of p-conjugated polymers have been reported. The annealing effect and

its mechanism have not been systematically studied to date [10, 11].

Disubstituted acetylene polymers are well known as amorphous, glassy polymers.

Recently, we found that diphenylacetylene polymer derivatives show lyotropic liquid

crystallinity in solution with a relatively low critical concentration, due to its ultra-

high molecular weight (Mw) of [1.0 9 106 and the main chain rigidity [12, 13].

Moreover, these polymers exhibit intense fluorescence (FL) in a wide visible range

from sky blue to greenish yellow according to side alkyl chain length [13]. This

unusual FL emission was assumed to be based on effective exciton confinement within

the main chain due to the steric hindrance and/or intramolecular electron interactions

of the bulky aromatic rings in the side chain groups [14, 15]. Tang and co-workers [16,

17] clarified the idea that the FL emission of dipenylacetylene polymers originates
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from the intramolecular excimer due to face-to-face stacking of the side phenyl rings.

Further, we found that the stack degree of the side phenyl groups varies greatly

according to the lamellar layer distance and the substitution position in the side phenyl

ring [13, 18]. Among these polymer derivatives, poly[1-phenyl-2-(p-trimethyl-

silyl)phenylacetylene] (PTMSDPA in Structure 1) has the largest fractional free

volume (FFV) of about 0.26 [19]. Notably, swelling out the polymer film with non-

solvents leads to variation in the intramolecular phenyl–phenyl stack structure, which

changes its FL emission properties [20]. Indeed, this polymer made for various kinds

of liquid chemicals to rapidly diffuse into its film within subsecond, simultaneously,

leading to a remarkable emission enhancement [21–23]. As mentioned above, in a

respect of reorganization of the polymer chains in solid state, this swelling method

may be used to achieve optimal chain-packing structure. However, the FL emission

properties and microstructures after evaporation of the diffused solvents have been

overlooked in our previous research. Detailed investigation of the annealing effect is

very important for the use of PTMSDPA in various optical/electronic devices

applications. In this study, spin-coated film (Sp-film), solvent-cast film (So-film), and

freeze-dried nanofiber (Fr-nanofiber) were prepared using PTMSDPA. Their FL

emission properties were investigated in comparison with each other. Further, solvent

annealing effects on FL emission properties and microstructures were investigated by

the swelling method. Especially, Sp-film was investigated in detail by FL emission and

X-ray diffraction (XRD) spectroscopy as well as FL optical (FOM), polarizing optical

(POM), polarizing fluorescence (PFM), and transmission electron microscopy (TEM).

Experimental section

Materials

PTMSDPA was donated from NOF Co. Ltd., Japan and was used as received. The

synthetic method has been well described in previous articles [24, 25]. The solvents

used in this study were purchased in spectrophotometric grade from Sigma-Aldrich

Co. Ltd. or TCI Co. Ltd. with purity higher than 99%.

Sample preparation

Spin-coated film

PTMSDPA polymer was dissolved in toluene (concentration 0.5 wt%) to prepare a

thin film on a glass slide (Matsunami) by spin-coating method (MDIAS Spin-

1200D, 800–1,500 rpm).

Si

nStructure 1 Chemical
structure of PTMSDPA
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Solvent-cast film

PTMSDPA polymer was dissolved in toluene (concentration 1.0 wt%) to prepare a

thick film on a glass slide by solvent-casting method.

Freeze-dried nanofiber

PTMSDPA solution with a concentration of 0.003 wt% in benzene was prepared as

previously described. Approximately 3 mL of solution was put into vials to be frozen

in liquid nitrogen at -196 �C, after which the frozen samples were dried at -50 �C

under 9 mm torr in a freeze dryer (Freeze dryer, Ilshin FD5505, Korea) for 24 h [26].

Measurements

The weight-average molecular weight (Mw) and number-average molecular weight

(Mn) of PTMSDPA were evaluated by gel permeation chromatography [GPC,

Shimadzu A10 instruments, Polymer Laboratories, PLgel Mixed-B (300 mm in

length) as a column, and HPLC-grade tetrahydrofuran as an eluent at 40 �C], based on

a calibration with polystyrene standards. FOM, POM, and PFM images were recorded

on a Nikon Eclipse E600 fluorescence microscope equipped with a Nikon DS-Fi1

digital camera and a super-high-pressure 100-W Hg lamp (OSRAM, HBO103W/2).

Irradiation power was controlled using several neutral density (ND) filters and was

monitored by a UV-light meter (Lutron, YK-34UV). The FL images were taken with a

Cannon PowerShot A2000IS. FL emission spectra were recorded on a JASCO ETC-

273 spectrofluorometer at room temperature. To measure exciton lifetimes, time-

correlated single photon counting (TCSPC) was performed. The second harmonic

(SHG = 420 nm) of a tunable Ti:sapphire laser (Mira900, Coherent) with *150 fs

pulse width and 76 MHz repetition rate was used as an excitation source. The PL

emission was spectrally resolved by using some collection optics and a monochro-

mator (SP-2150i, Acton). The TCSPC module (PicoHarp, PicoQuant) with a MCP-

PMT (R3809U, Hamamatsu) was used for ultrafast detection. The total instrument

response function (IRF) for PL decay was \150 ps, which provided a temporal

resolution of\10 ps. The deconvolution of actual FL decay and IRF was performed by

using a fitting software (FlouFit, PicoQuant) to deduce the time constant associated

with each exponential decay. XRD measurements were performed at room

temperature using a X-ray diffracter (PANalytical X‘Pert PRO-MPD) at the Korea

Basic Science Institute (Daegu). The samples were mounted directly into the

diffracter. The experiment was carried out by applying Cu Ka (1.54 Å) radiation at

40 kV and 25 mA. TEM imaging was performed on a Hitachi H-7600 instrument

operated at 100 kV. All images were acquired using an AMT camera system.

Results and discussion

In general, polymer chains are completely isolated in ideal solution, whereas their

mobility is highly restricted in the solid state. During film and fiber preparation, wet
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processes necessarily cause a change in phases from solution to solid states. When

this happens, the polymer chains may undergo different organization hysteresis

according to the solidification method. There are two general methods to prepare

polymer films. One is the solvent-casting method while the other is spin-coating

technique. The latter is preferable to produce thin films with thicknesses of\1 lm.

Nanofibers can be obtained by freeze-drying methods [26]. Moreover, if polymers

do not need to be figurated after solidification, we can easily obtain bulk solids by

quenching the polymer chains in non-solvents through precipitation. In this study,

we prepared Sp-film (*300 nm in thickness, toluene as a solvent), So-film

(*30 lm in thickness, toluene as a solvent), and Fr-nanofiber (*50 nm in

diameter, prepared as reported previously, cyclohexane as a solvent) using

PTMSDPA with a high weight-average molecular weight of 5.23 9 106 g/mol

and a polydispersity index of 3.2. Figure 1 shows the features of the as-prepared

solid materials. As shown in the figure, their macroscopic appearances and FL

emissions were different from each other. The polymer–solvent phase separation

during fabrication of these featured materials was presumably influenced by the

process conditions, including ambient temperature and solvent properties. Phase

separation may also result in completely different chain-packing structures in the

final products according to the type of solvent. The chemical affinity of a solvent to

polymer should vary according to the type of solvent, i.e., whether the solvent is

‘‘aromatic or aliphatic’’ and/or ‘‘hydrophilic or hydrophobic’’ and/or ‘‘heavy or

light’’, etc. Further, the solvent evaporation rate should vary according to the

solidification method applied to the polymer solutions. Thus, the solidification

method and conditions may determine the photophysical/electrical properties of the

final products as well as the morphology and chain-packing structures. To confirm

this, we conducted spectroscopic and microscopic analyses of all film and fiber

samples. The details are described hereafter.

Figure 2 shows the normalized FL emission spectra of the as-prepared solid

materials of Fr-nanofiber, Sp-film, and So-film. Their FL emission bands at

maximum intensity (kmax,FL) appear at 525, 535, 540 nm, respectively. Their FL

emission life times (savr) are 0.489, 0.136, 0.130, respectively. The ‘‘frozen-in’’

quenching of a polymer solution at an extremely low temperature of -196 �C

essentially provides a highly coarsened structure in the nanofiber [26]. Accordingly,

the polymer chains within the Fr-nanofiber may have contained incompletely

stacked side phenyl rings in a disordered structure. On the other hand, the slower

Fig. 1 Features of the Sp-film, So-film, and Fr-nanofiber (excited at [365 nm). Inset scanning electron
microscope (SEM) image
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evaporation of toluene in the solvent-casting process may have more readily

induced self-assembly of the polymer chains due to intrinsic liquid crystallinity,

leading to relatively well-ordered chains with highly stacked side phenyl rings.

Since solvent evaporation is much faster in the spin-coating process than casting

process, the polymer chains within the Sp-film may be hardly ever organized.

Accordingly, it is expected that the film- and fiber-preparation method significantly

influences not only the photophysical properties but also the ordered structure of the

polymer chains.

Actually, the differences in solvent evaporation time between the spin-coating

and casting methods resulted in a significant difference in surface morphology

Fig. 2 Normalized FL emission spectra of Sp-film, So-film, and Fr-nanofiber (excited at 420 nm)

Fig. 3 POM images of a So-film and b Sp-film
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between the Sp- and So-films. The Sp-film was completely isotropic while the So-

film was anisotropic. Figure 3 shows the POM images of the Sp- and So-films. The

So-film shows a texture with chevron morphology on the surface, whereas Sp-film

does not display any characteristic texture. The solvent-casting experiment was

conducted at a laboratory with not equipped with a constant temperature control

system. When this experiment (solvent:toluene; concentration: 1 wt%) was

conducted in a cold season of winter, the anisotropic texture well appeared.

However, the characteristic texture hardly appeared with using a same solution in a

warm season of summer. This indicates that the solvent evaporation rate

significantly influences the surface morphology of the final film product in the

casting process of PTMSDPA solution. A birefringent texture as chevron

morphology is characteristic of a smectic phase due to a lamellar layer [23],

indicating that a certain highly ordered structure was spontaneously formed

via critical concentration point during slow solvent evaporation. The reason why

Sp-film did not show a characteristic anisotropic texture is because the solvent

evaporation was too fast for the polymer chains to self-organize during the

extremely fast-spinning process. Moreover, as shown in Fig. 4, the PFM images of

the So-film converted in shadow when the polarizer angle changed from 0� to 90�
while the Sp-film did not. Figure 5 shows the XRD patterns of the Sp- and So-films.

As already reported in a previous article, So-film shows a very sharp signal at a

small angle of 6.9� with a corresponding lamellar layer distance of about 13 Å [13],

whereas Sp-film does not show a sharp signal at the same angle. These POM, PFM,

Fig. 4 PFM images of the a So-film and b Sp-film (excited at 365 nm)
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and XRD results indicate the better-constructed structure of the polymer chains in

So-film rather than Sp-film.

Figure 6 shows variations in the FL emission spectra of the Fr-nanofiber, Sp-film,

and So-film upon solvent annealing with ethanol under very slow evaporation. The

FL intensity of PTMSDPA after annealing more greatly decreased in turns of

Fr-nanofiber (I/I0 0.38) [ Sp-film (I/I0 0.47) [ So-film (I/I0 0.86), where I0 and

I are FL intensity before and after annealing, respectively. As mentioned previously,

the side phenyl stack structure in the as-prepared Fr-nanofiber remains incomplete

due to the quick ‘‘frozen-in’’ quenching of the polymer chains during spinodal

decomposition at an extremely low temperature of -196 �C, whereas the as-

prepared So-film provides well-ordered polymer chains with highly stacked side

phenyl rings in response to self-assembly organization due to slow solvent

evaporation and the intrinsic liquid crystallinity of the polymer. Further, the

polymer chains are less densely packed in Sp-film than in So-film. In general, the

higher the degree of aromatic stacking in a fluorophore molecule, the less intense

the emission, due to an increase in excimer emission. Accordingly, the reorgani-

zation of the polymer chains in the solvent-driven disorder-to-order phase transition

should be more apparent in turns of Fr-nanofiber [ Sp-film [ So-film. This should

be responsible for the difference in I/I0 values of the three different types of solid

products.

We further investigated the effects of solvent annealing on the FL emission

properties of Sp-film using various solvents. Figure 7 shows variations in the FL

emission spectra of Sp-film upon annealing with ethanol, hexane, and methanol

under very slow evaporation. A drop of ethanol was directly contacted to the surface

Fig. 5 XRD patterns of Sp- and So-films
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of the solid material on glass slide and then chalet cap was covered on the glass slide

at room temperature to slowly evaporate. Ethanol (I/I0 0.47) induced a greater

decrease in FL emission intensity as compared to hexane (I/I0 0.78) and methanol

(I/I0 0.65). This was probably due to the fact that ethanol (saturated vapor pressure

at 20 �C: 44.6 mmHg; boiling point: 78 �C) evaporates more slowly than hexane

(120 mmHg; 69 �C) and methanol (96.2 mmHg; 64.6 �C). Namely, the polymer

chains swollen in ethanol had enough time to reorganize themselves to achieve an

optimal stack structure of the side phenyl rings, whereas hexane and methanol did

not allow enough time for the polymer chains to be reorganized. Therefore, the

greater decrease in FL emission corresponds to a greater increase in the degree of

intramolecular phenyl–phenyl stacking. Further, it should be noted that, when the

film was annealed at a faster evaporation rate, the FL intensity was not decreased as

much relative to slow annealing. For example, the I/I0 value of Sp-film was 0.67

during rapid annealing with ethanol (Fig. S1 in Supporting information). Moreover,

the FL emission properties in rapid annealing were mainly dependent on the

chemical affinity of the solvent to the polymer rather than the saturated vapor

pressure and boiling point of the solvent. Hexane induced a much greater decrease

in FL intensity relative to ethanol annealing (data was not shown). This was

probably due to the fact that the chemical affinity to hydrophobic PTMSDPA is

greater in hexane than in ethanol.

As previously shown in Fig. 3a, a semi-flexible polymer such as PTMSDPA

tends to spontaneously lower its entropy energy by constructing a certain ordered

structure via intermolecular weak interactions, resulting in liquid crystalline phases

in So-film. We thus hypothesized that spontaneous reorganization could also be

achieved even in isotropic Sp-film through disorder-to-order phase transition by the

solvent-annealing method. To confirm this, we observed POM, FOM, and TEM

images as well as XRD patterns of Sp-film after ethanol annealing under slow

evaporation. However, the POM images and XRD patterns did not show any

significant changes after solvent annealing. The POM image still displayed an

isotropic texture, and birefringent texture was not observed after solvent annealing.

Further, no sharp diffraction peak appeared in the XRD pattern after annealing

(Fig. S2 in Supporting information). This may be attributed to the fact that the

polymer chains could not be untangled or reorganized due to physical cross-linking

Fig. 6 Variations in FL emission spectra of a Fr-nanofiber, b Sp-film, and c So-film upon ethanol
annealing under slow evaporation (excited at 420 nm)
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caused by the extremely high molecular weight of more than 1 million. Although no

significant change was observed in the POM images and XRD pattern after solvent

annealing, the FOM and TEM images certainly showed a little change. The details

are described later.

Figure 8 shows FOM images and digital camera FL photographs of the Sp-film

before and after ethanol annealing under slow evaporation. The FL emission of the

film is weaker in the annealed part (right side) than in the non-annealed part (left

side). This corresponds with the results from the FL emission spectroscopy, as

Fig. 7 Variations in FL emission spectra of Sp-film upon annealing with various solvents under slow
evaporation (excited at 420 nm)

Fig. 8 a Digital camera FL photographs and b FOM images of Sp-film before and after ethanol
annealing under slow evaporation (excited at 365 nm)
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shown in Fig. 6b. The border between the annealed and non-annealed regions is

clearly distinguishable. The reason why a change was observed in the FOM images

but not in the POM and XRD analyses is because FL quenching could be amplified

by a cooperative conjugation effect although the polymer chains underwent very

minute conformational changes so as to be negligible.

The TEM study provided clear evidence about the partial changes in Sp-film.

Figure 9 shows high-resolution TEM images of the Sp-film before (a, c) and after

(b, d) ethanol annealing under slow evaporation. The annealed film exhibited

several domains with certain lattice fringes of d space of *3.6 Å probably due to

the incidentally aligned polymer chain domains (Fig. 9d). On the other hand, the as-

prepared film showed exclusively amorphous regions (Fig. 9c). Although this

disorder-to-order phase transition was not as remarkable as the thermally induced

phase transition in the thermotropic liquid crystalline, rigid rod-like polymer

Fig. 9 High-resolution TEM images of Sp-film a before and b after solvent annealing with ethanol under
slow evaporation. The film was obtained by spin coating the toluene solution of PTMSDPA on a copper
grid. c and d are magnified images of a and b in part, respectively
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derivatives [5–7], the crystalline domains gradually increased while the domain size

grew bigger with an increase in the solvent contact time. This indicates that the

polymer chains in the Sp-film partially form a certain ordered structure through

solvent-driven reorganization.

Conclusions

We investigated solvent-annealing effects on FL emission properties and micro-

structures of PTMSDPA in Sp-film, So-film, and Fr-nanofiber in detail by the

swelling method. The macroscopic appearances and FL emissions of as-prepared

fiber and films were different from each other. The process conditions, including

ambient temperature and the type of solvent, significantly influenced polymer–

solvent phase separation, resulting in completely different chain-packing structures.

FL emission, XRD, FOM, POM, PFM, and TEM studies revealed that solvent

annealing of the fiber and films significantly influences their FL emission properties

and microstructures as well as the morphology. Our result is expected to be helpful

for understanding the solvent-driven reorganization mechanism of poly(diphenyl-

acetylene) derivatives in fiber and film.
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