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Abstract 

Understanding the properties of solvent-swollen block copolymer (BCP) microdomains is 

important for better solvent-based control of microdomain morphology, orientation and 

permeability.  In this study, single-molecule tracking (SMT) was explored to assess the 

permeability and transverse width of individual cylindrical microdomains in solvent-swollen 

polystyrene-block-poly(ethylene oxide) (PS-b-PEO) films.  PS-b-PEO films comprising 

shear-elongated cylindrical PEO microdomains were prepared by sandwiching its benzene or 

tetrahydrofuran (THF) solution between two glass substrates.  SMT measurements were 

performed at different drying times to investigate the effects of solvent evaporation on the 

microdomain properties.  SMT data showed one-dimensional (1D) motions of single fluorescent 

molecules (sulforhodamine B) based on their diffusion within the cylindrical microdomains.  

Microdomain permeability and transverse width were assessed from the single-molecule 

diffusion coefficients (DSMT) and transverse variance of the 1D trajectories (𝜎!!), respectively.  

The DSMT and 𝜎!!  values from individual 1D trajectories were widely distributed with no 

evidence of correlation on a single molecule basis, possibly because the individual microdomains 

in a film were swollen to different extents.  On average, microdomain permeability (D) and 

effective radius (r) gradually decreased within the first three days of drying due to solvent 

evaporation, and changed negligibly thereafter.  PS-b-PEO films prepared from THF solutions 

exhibited larger changes in D and r as compared with those from benzene solutions due to the 

better swelling of the PEO microdomains by THF.  Importantly, changes in D were more 

prominent than those in r, suggesting that the permeability of the PEO microdomains is very 

susceptible to the presence of solvent.  These results reveal the unique capability of SMT to 

assess the properties of individual cylindrical microdomains in a solvent-swollen BCP film.    
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Introduction 

Block copolymers (BCPs) are constructed from covalently-linked homopolymers based on 

distinct chemical compositions.1,2  These polymers can afford self-organized nanostructures 

(microdomains) with dimensions and morphologies that are predictable from their 

thermodynamic compatibility and molecular weights.1,3  Among the morphologies that can be 

obtained from BCPs, cylindrical morphologies have attracted considerable interest due to their 

wide applicability as lithographic masks,4,5 templates for nanomaterial synthesis,4 chemical 

separation and sensing media,6-8 and model polyelectrolytes for fuel cells and batteries.9,10  For 

these applications, cylindrical microdomains in thin monolithic films/membranes need to be 

aligned in a desired direction.  A number of methods for aligning the microdomains have been 

explored, including those based on mechanical flow fields, temperature gradients, electric fields 

and solvent control.3,11,12   

Among these methods, solvent-based methods such as solvent vapor annealing (SVA)13 

have been recognized as effective means to obtain BCP films/membranes with controlled 

morphologies because they can quickly offer well-controlled nanostructures over a large area.  In 

SVA14-16 and related methods such as solvent vapor penetration,17,18 individual BCP segments are 

first swollen by solvent vapor to different extents according to the solvent-segment 

compatibilities.  Solvent swelling enhances the flexibility of the polymer chains, resulting in the 

facilitated rearrangement of microdomains during subsequent solvent evaporation.  The resulting 

microdomain morphology and alignment are affected by the solvent evaporation rate and 

direction14-16 as well as solvent-segment compatibility.16,18-21  The morphologies and dimensions 

of these microdomains were often measured for completely dried samples14-16 using scanning 

probe microscopy22,23 and electron microscopy,24 but these microscopic methods are difficult to 
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use for in situ measurements of solvent-swollen samples.  More recently, real-time 

grazing-incidence small-angle X-ray scattering (GISAXS) has been employed to gain insight 

into the roles of solvent(s) during their evaporation in determining microdomain orientation and 

spacing.16,25-28  Although offering valuable information on microdomain morphologies and 

spacing for different solvent contents, GISAXS only provides spatially- and 

temporarily-averaged information from periodic structures.  Meanwhile, recent computational 

studies have been explored to understand the roles of solvent in the solvent-based methods, 

including the effects of solvent-polymer compatibility and solvent evaporation rate on the 

microdomain orientation.29,30   

In this study, single-molecule tracking (SMT) was employed to characterize the properties 

of elongated cylindrical microdomains in polystyrene-block-poly(ethylene oxide) (PS-b-PEO; 

Figure 1a) thin films.  SMT measures the motions of individual fluorescent molecules using 

wide-field fluorescence microscopy.31-35  A PS-b-PEO thin film comprising elongated cylindrical 

PEO microdomains in a PS matrix was prepared by sandwiching a concentrated PS-b-PEO 

solution between a glass coverslip and a glass slide.  PEO microdomain elongation was based on 

shear flow (Figure 1b).36  In addition, the two glass substrates restricted solvent evaporation to 

the horizontal direction (i.e., the observation plane), preventing the microdomains from orienting 

perpendicularly to the substrate surface.  Diffusional motions of individual sulforhodamine B 

(SRB; Figure 1a) molecules doped into the cylindrical microdomains were recorded as a 

function of drying time.  The resulting single-molecule trajectories were analyzed using 

orthogonal regression methods37 to assess the microdomain permeability and transverse width.  

Cylinder-forming PS-b-PEO was studied for the following reasons.  First, it has been shown that 

the orientation of its cylindrical PEO microdomains can be tuned via solvent-based methods.16,18  
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Thus, in situ characterization of solvent-swollen PS-b-PEO films will offer valuable information 

on the role of solvent in these methods.  Second, the lateral width and molecular permeability of 

individual cylindrical PEO microdomains can be directly determined from the diffusional 

motions of PEO-selective fluorescent molecules using SMT.18,36,38  Single molecules diffusing in 

elongated cylindrical microdomains yield one-dimensional (1D) trajectories, and thus can be 

selectively recognized.  It should be noted that SMT was used previously to investigate 

microdomain alignment18,36,38 and to compare single-molecule and ensemble diffusion38 in 

PS-b-PEO films dried under optimized conditions, but has not been employed to characterize 

microdomain properties swollen to different extents.  Furthermore, monolithic PS-b-PEO 

films/membranes have been used as lithographic masks,39 templates for nanomaterial synthesis,40 

model nanostructured polyelectrolytes for battery and fuel cell applications,9,10 and water 

purification membranes.41-43  The latter three applications involve molecular/ionic transport 

through the PEO microdomains, and thus information on microdomain permeability and 

transverse width will permit the performances of these materials to be better controlled.   
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Figure 1. (a) Chemical structures of PS-b-PEO and sulforhodamine B (SRB).  (b) Schematic 
illustration of the sample preparation procedure.  A droplet of PS-b-PEO solution (25 wt%, 50 
µL) was placed on a glass coverslip, and then was sandwiched by a rectangular glass slide to 
have the solution flow through the gap between the two glass substrates.  After drying, the film 
was used for SMT measurements at several different in-plane positions along the flow direction, 
as examplified by red dots in the bottom scheme.  (c) Typical 1D (red) and immobile (black) 
trajectories measured in a PS-b-PEO film prepared from THF solution upon drying for 1 day.  
The 1D trajectory was fitted to a line using the orthogonal regression method, and its transverse 
variance (𝜎!!) was determined.  Localization precision in SMT data was calculated as the average 
of the variances of immobile trajectories (𝜎!"!!"! ).   

 

 

Experimental Procedures 

Chemicals and Materials.  PS-b-PEO (PS, Mn = 35 000 g/mol; PEO, Mn = 10 500 g/mol; 

PS volume fraction 0.8; Mw/Mn = 1.10) was purchased from Polymer Source and used as 

received.  Benzene (HPLC grade); tetrahydrofuran (THF; HPLC grade); methanol (MeOH; 
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HPLC grade) and SRB (ACS grade) were purchased from Acros Organics and used without 

further purification.  A glass coverslip (FisherFinest Premium; 25 × 25 mm2, 0.2 mm thick) was 

employed as a bottom substrate.  A rectangular top piece was prepared from a thinner glass 

coverslip (Goldseal® cover glass; 22×7 mm2, 0.1 mm thick).   

 

Sample Preparation.  A SRB-doped PS-b-PEO film sandwiched between a glass coverslip 

and a rectangular glass substrate was prepared in a nitrogen-filled glovebox (relative humidity < 

20%) according to the previously reported procedure.36  Briefly, a droplet of a PS-b-PEO 

solution (25 wt%, 50 μL) in benzene, THF, 86% benzene + 14% MeOH or 86% THF + 14% 

MeOH containing nominally 5 nM SRB (in the PEO microdomains) was placed on a glass 

coverslip.  A rectangular top piece was immediately placed on the droplet to induce solution flow 

between the two glass substrates (Figure 1b).  The resulting film was dried at 30 °C or 40 °C in 

the glovebox.  SMT measurements were carried out approximately every 24 h of drying up to 96 

or 120 h (4 or 5 days).   

 

SMT Measurements.  All the SMT data were recorded on a wide-field fluorescence 

microscope in a pseudo total internal reflection fluorescence (p-TIRF) mode, as described 

previously.18,36-38  The microscope was built on an inverted epi-illumination microscope (Nikon 

Eclipse Ti).  Light emitted by a Nd:YVO4 laser (532 nm, 5 mW) was introduced to the back 

aperture of an oil-immersion objective (Nikon Apo TIRF 100X; 1.49NA) by reflection from a 

dichroic beam splitter (Chroma, 555 DCLP).  The emitted fluorescence was collected by the 

objective and directed through the dichroic mirror and a bandpass–filter (Chroma, 580/40 HQ), 

before hitting the photosensitive surface of a back-illuminated electron-multiplying CCD camera 



8 

(Andor iXon DU-897).  All SMT videos (16 × 16 μm2 film regions; 128 pixels × 128 pixels (2 × 

2 binning; 1 pixel = 125 nm)) were 1000~2000 frames in length, with a cycle time of 41 msec 

per frame, an electron-multiplying gain of 30, and a readout rate of 10 MHz.  All SMT video 

data were recorded near the film–coverslip interface (z ≈ 1 μm) at five different positions along 

the longitudinal direction of the rectangular piece (Figure 1b, bottom).   

The SMT data were analyzed after generating single-molecule trajectories according to 

procedures reported previously.18,36-38  Detection of fluorescent spots present in the video frame 

and their linking into trajectories were done by using ImageJ particle tracker software.  In this 

study, single molecule trajectories > 10 consecutive frames in length were analyzed using 

orthogonal regression methods that involve fitting of individual trajectories to a straight line.37  

1D, 2D and immobile trajectories from 1D-diffusing, 2D-diffusing and immobile molecules were 

classified from the variances of molecular motion along (𝜎!!) and across (𝜎!!) each trajectory 

(Figure 1c).37  The threshold variances were chosen at 75% confidence for the immobile 

trajectories obtained from Monte Carlo computer simulations.  Specifically, trajectories with 𝜎! 

> 40 nm, those with 𝜎! ≤ 40 nm and 𝜎! ≥ 77 nm, and those with 𝜎! ≤ 40 nm and 𝜎! < 77 nm 

were classified as 2D, 1D, and immobile, respectively.  It should be noted that the influences of 

tdry and solvent on the relative populations of 1D/2D/immobile trajectories were unclear for the 

PS-b-PEO films prepared in this study.  1D and immobile trajectories, as shown in Figure 1c, 

were further analyzed to gain information on the permeability and transverse width of cylindrical 

microdomains.  These properties were assessed as the single-molecule diffusion coefficient 

(DSMT) and 𝜎!! from individual 1D trajectories.  It should be noted that the radii of individual 

cylindrical microdomains can be determined if localization precision is constant.  However, due 

to the statistical distribution of position errors and the different S/N ratios of individual videos, 
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the effective microdomain radius could be obtained only as an ensemble average for all the 1D 

trajectories in each video.  Indeed, 𝜎!"!!"!  varied in the range of 150-1200 nm2.  Thus, effective 

microdomain radius (r) was calculated as an ensemble parameter for each video from the 

averages of 𝜎!! of 1D trajectories, 𝜎!! , and position errors of immobile trajectories, 𝜎!"!!"! , 

using Eq (1):18 

𝜎!! =  𝜎!"!!"! + 𝑟! (1) 

DSMT was calculated from the mean square displacement (MSD) as a function of lag time (τ) 

using Eq (2) for 1D-diffusing molecules:35,38 

MSD(τ) = 2DSMTτ  (2) 

The 1D trajectories obtained in this study were not always well-aligned to the solution flow 

direction in contrast to our previous study.36  The poorer alignment is possibly due to the lower 

solution viscosity afforded by the smaller PS-b-PEO (Mn(PS) = 35,000 and Mn(PEO) = 10,500 

used in this study; Mn(PS) = 42,000 and Mn(PEO) = 11,500 in the previous study) at the lower 

concentration (25 wt% in this study; 30 wt% in the previous study).  The inconsistent 

microdomain alignment was observed for PS-b-PEO films regardless of solution composition.  

In addition, technical difficulties prevented the monitoring of identical microdomains at different 

tdry.  Thus, the microdomain alignment was not discussed in this study.   

 

 

Results and Discussion 

In this study, SMT measurements were carried out for solvent-swollen, SRB-doped 

PS-b-PEO films after different drying times (tdry).  SRB molecules selectively partitioned into the 

PEO microdomains, and thus provided information on the properties of individual PEO 
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microdomains.18  1D trajectories from SRB molecules in SMT videos were analyzed to 

quantitatively assess the permeabilities and transverse widths of individual cylindrical PEO 

microdomains.  Different solvents were employed for the preparation of PS-b-PEO precursor 

solutions to investigate the effects of solvent-segment compatibilities on the microdomain 

properties in the wet films.  Table 1 summarizes the Hansen solubility parameters of polymers 

and solvents used in this study.44,45  Benzene and THF were examined as solvents for the 

following three reasons.  First, these solvents can dissolve PS-b-PEO to give uniform solutions.  

Second, they are fairly volatile (boiling points: 66.0 °C for THF and 80.1 °C for benzene)46 so 

that the samples can be gradually dried at relatively low temperature (30 or 40 °C) over a 

relatively short period of time.  Most importantly, these two solvents have different 

compatibilities with PS and PEO, as suggested by the Ra values in the table: Benzene selectively 

swells PS, while THF is slightly selective for PEO.  Benzene and THF are both important 

solvents that have been used for solvent annealing experiments in several block copolymer 

systems including PS-b-PEO.16,47  In addition, the effects of MeOH addition to PS-b-PEO 

solutions were investigated, because MeOH (boiling point: 64.7 °C)46 is known to swell PEO48 in 

spite of its large Ra value in Table 1.  Measurements at different tdry with different solvents will 

provide a means to investigate the influence of polymer deswelling induced by solvent 

evaporation on the microdomain properties.   
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Table 1. Solubility Parametersa) and Compatibility of Polymer Segments and 
Solvents/Solutions Used in This Study 
 
(i) Polymer Segments 

 polymer δ(D)b) δ(P)c) δ(H)d)  
 PS 18.5 4.5 2.9 
 PEO 17 10 5 
 
(ii) Solvents 

 solvent δ(D)b) δ(P)c) δ(H)d) Ra (PS)e) Ra (PEO)e)  
 benzene 18.4 0 2 4.6 10.8 
 THF 16.8 5.7 8 6.2 5.3 
 methanol 15.1 12.3 22.3 22.0 17.9 
 
a) Taken from literature.44,45  b) Dispersion component.  c) Polar component.  d) Hydrogen bonding 
component.  e) Calculated using the following equation: 
𝑅𝑎! = 4 𝛿!,!"#$%&' − 𝛿!,!"#$%&'

!+ 𝛿!,!"#$%&' − 𝛿!,!"#$%&'
!+ 𝛿!,!"#$%&' − 𝛿!,!"#$%&'

! . Ra 
< 8 for good solvent.44,45  

 

Figure 2a shows typical 1D, 2D and immobile trajectories obtained in a PS-b-PEO film 

prepared from its benzene solution and dried at 40 °C for tdry = 1, 3 and 5 days.  A number of 1D 

trajectories, attributable to single SRB molecules diffusing within elongated cylindrical PEO 

microdomains, were observed in each of these data.  Figure 2b shows the relationship between 

the DSMT and 𝜎!! values of these individual 1D trajectories.  Both DSMT and 𝜎!! seemed to slightly 

decrease at longer tdry, probably due to the deswelling of cylindrical PEO microdomains as a 

result of solvent evaporation.  However, these parameters exhibited wide distributions regardless 

of tdry, suggesting that the individual PEO microdomains were swollen to different extents, 

possibly due to non-uniform solvent evaporation from microdomains of different solvent 

compatibilities.  In addition, no evidence of correlation between DSMT and 𝜎!! was observed in 

contrast to hindered diffusion within solid pores that exhibits slower diffusion in smaller pores.49  

The absence of a correlation suggests that the PEO microdomains were too large as compared 
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with SRB molecules to attain hindered diffusion.   

 

 
 
Figure 2. (a) Representative single-molecule trajectories > 10 consecutive frames in length that 
were measured in a PS-b-PEO film prepared from a benzene solution (25 wt%) and then dried at 
40 °C for 1, 3 and 5 days.  1D, 2D and immobile trajectories are shown in red, blue and black, 
respectively.  (b) Relationship between diffusion coefficient (DSMT) and transverse variance (𝜎!!) 
obtained from individual 1D trajectories in Figure 2a.   

 

Similar results were obtained for other samples, including a PS-b-PEO film prepared from 

its THF solution and dried at 30 °C at different tdry (Figure 3).  A number of 1D trajectories were 

observed in Figure 3a, and DSMT and 𝜎!! exhibited wide distributions with no correlation (Figure 

3b).  The diffusion directions reflecting the microdomain orientations were reasonably coherent 

within µm-scale grains, as reported previously.36  Importantly, decreases in DSMT and 𝜎!! at longer 
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tdry in Figure 3b were more noticeable than those in Figure 2b, probably reflecting the higher 

compatibility of THF to PEO as compared with benzene (Table 1, vide infra).   

 

 
 
Figure 3. (a) Representative single-molecule trajectories > 10 consecutive frames in length that 
were measured in a PS-b-PEO film prepared from a THF solution (25 wt%) and then dried at 30 
°C for 1, 3 and 4 days.  1D, 2D and immobile trajectories are shown in red, blue and black, 
respectively.  (b) Relationship between diffusion coefficient (DSMT) and transverse variance (𝜎!!) 
obtained from individual 1D trajectories in Figure 3a. 

 

It should be noted that it is inappropriate to compile DSMT and 𝜎!! values from different 

videos because the S/N ratios were observed to vary from video to video.  Thus, the average of 

DSMT (D) and effective microdomain radius (r), the latter of which was calculated from the 

average 𝜎!!  ( 𝜎!! ) and the average position error of immobile trajectories ( 𝜎!"!!"! ), were 
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obtained for each video.  The effects of solvent evaporation and solvent compatibility on the 

microdomain properties were discussed based on the average and 80% confidence interval of D 

and r values obtained at 3-15 different locations in 2-3 different samples (in total, 9-22 videos) 

prepared under the same conditions.   

Figure 4 shows D and r values as a function of tdry measured for PS-b-PEO films that were 

prepared from benzene solutions and dried at different temperatures (30 and 40 °C).  At both of 

the temperatures, D gradually decreased at longer tdry (Figure 4a), whereas r decreased in the 

first two days and changed negligibly thereafter (Figure 4b).  These changes could be primarily 

explained by film deswelling induced by solvent evaporation, as supported by the larger change 

in D observed at the lower drying temperature, with slower solvent evaporation.  The larger D 

and r observed at tdry = 1 day indicate that the films were swollen to a larger extent.  Interestingly, 

evaporation-induced changes in r were similar at these temperatures, possibly reflecting the poor 

swelling of the PEO microdomains by benzene, as infered by the Hansen solubility parameter 

(Table 1).  Since D and r did not change significantly in the 40 °C experiment after tdry = 3 days, 

SMT measurements for the other solution systems were carried out for tdry = 1 – 4 days. 

 

 
 
Figure 4. (a) Average 1D diffusion coefficient (D) and (b) effective microdomain radius (r) at 
different tdry for PS-b-PEO films prepared from benzene solutions and dried at 40 °C (red circles) 
and 30 °C (black squares).  These data were calculated from the average values of 9-16 SMT 
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videos recorded at different locations in 2–3 different PS-b-PEO films.  The error bars represent 
the 80% confidence intervals.    

 

Figure 5 shows the effects of MeOH addition (14 wt%) to benzene on the tdry-dependence 

of D and r.  The MeOH addition did not change D significantly, possibly because MeOH 

evaporated more quickly from the films, as suggested by its lower boiling point (64.7 °C vs. 

80.1 °C)46 and/or the added amount of MeOH was not sufficient to observe any permeability 

changes.  In contrast, slightly smaller r was observed in the presence of MeOH, especially at tdry 

≥ 2 days, suggesting that more condensed PEO microdomains were formed as a result of the 

removal of the PEO-selective solvent.  Importantly, the r values at tdry = 2-4 days for the 

benzene-MeOH samples (14.8–16.0 nm) were close to the value estimated from AFM images of 

a dried PS-b-PEO film (14 ± 2 nm, Figure S1).  This means that most of the solvents were 

removed from the PEO microdomains at tdry ≥ 2 days, and the small amount of remaining solvent 

influenced the microdomain permeability.   

 

 
 
Figure 5. (a) Average 1D diffusion coefficient (D) and (b) effective microdomain radius (r) at 
different tdry for PS-b-PEO films prepared from solutions of 14% methanol in benzene (open red 
circles) and pure benzene (filled red circles).  These data were calculated from the average values 
of 13-15 SMT videos recorded at different locations in 2–3 different PS-b-PEO films.  The error 
bars represent the 80% confidence intervals.    
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Figure 6 shows the tdry-dependences of D and r for PS-b-PEO films that were prepared 

from benzene and THF solutions and dried at 40 °C and 30 °C, respectively.  The different 

drying temperaures were selected to yield similar evaporation rates for the two solvents of 

different volatility (boiling points: 80.1 °C vs. 66.0 °C, respectively)46.  As suggested from 

Figures 2b and 3b, the PS-b-PEO films prepared from THF solutions exhibited larger D at tdry = 

1–2 days as compared to those from benzene solutions, indicating that PEO microdomains were 

better swollen due to their greater compatibility with THF.  On the other hand, r was similar in 

both types of samples, suggesting the presence of a limited amount of residual solvent in the 

films after drying for more than 1 day.   

 

 
 
Figure 6. (a) Average 1D diffusion coefficient (D) and (b) effective microdomain radius (r) at 
different tdry for PS-b-PEO films prepared from benzene solutions (red circles) and THF solutions 
(blue triangles).  These data were calculated from the average values of 10-21 SMT videos 
recorded at different locations in 2–3 different PS-b-PEO films.  The error bars represent the 
80% confidence intervals.    

 

On the other hand, negligible influences of MeOH addition on D and r were observed for 

PS-b-PEO films prepared from THF solutions (Figure 7).  The concentration of THF in the 

precursor solutions was approximately 6 times higher than that of MeOH, and thus the PEO 

microdomains were primarily swollen by THF.  In addition, the MeOH/THF ratio in the PEO 
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microdomains remained appoximately the same during the drying process, due to their similar 

volatilities, as suggested by their similar boiling points.  As a result, the MeOH addition gave 

negligible influence on the microdomain properties.  The plateaued r values at tdry = 3–4 days 

(14.5–17.2 nm) seemed to be slightly smaller than those for the benzene solutions (Figure 4b; 

16.7–18.6 nm), suggesting that more condensed PEO microdomains were formed by the 

evaporation of the PEO-selective solvents as with the benzene-MeOH system (vide supra).   

 

 
 
Figure 7. (a) Average 1D diffusion coefficient (D) and (b) effective microdomain radius (r) at 
different tdry for PS-b-PEO films prepared from solutions of 14% methanol in THF (open blue 
triangles) and pure THF (filled blue triangles).  These data were calculated from the average 
values of 10-22 SMT video data recorded at different locations of 2–3 different PS-b-PEO films.  
The error bars represent the 80% confidence intervals.    

 

 

Conclusions 

This study has shown the applicability of SMT for investigating the properties of 

cylindrical BCP microdomains in solvent-swollen films.  The microdomian permeability and 

transverse width could be quantitatively assessed by analyzing each of the 1D trajectories 

originating from the diffusional motions of single SRB molecules.  The SMT data revealed the 

wide distributions of these properties and no evidence of any apparent correlation between their 
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values, suggesting a nonuniform solvent distribution in the partly dried films.  In addition, the 

SMT measurements offered valuable insights into the roles of solvents in microdomain 

properties.  The presence of residual PEO-swelling solvents enhanced the permeability of PEO 

microdomains, and also the formation of more condensed PEO microdomains as a result of 

solvent evaporation.  We are exploring the SMT approach for investigating microdomain 

permeability, morphologies/dimensions and nanoscale environments50,51 for other 

cylinder-forming BCPs.   
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