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Abstract

Block copolymers have attracted considerable interest in the fields of nanoscience and
nanotechnology, because these polymers afford well-defined nanostructures via self-assembly.
An in-depth understanding of solvent effects on the physicochemical properties of these
microdomains is crucial for their preparation and utilization. Herein, we employed in situ
spectroscopic ellipsometry and single-molecule fluorescence techniques to gain detailed insights
into microdomain properties in polystyrene-block-poly(ethylene oxide) (PS-b-PEO) films exposed
to ethanol- and water-saturated N>. We observed a quick increase and a subsequent gradual
decrease in the ellipsometric thickness of PS-5-PEO films upon exposure to ethanol-saturated N».
This observation was unexpected because ethanol-saturated N> induced negligible thickness

change for PS and PEO homopolymer films. The similarity in maximum thickness gain observed



under ethanol- and water-saturated N> implied the swelling of PEO microdomains. Ethanol vapor
permeation through the PEO microdomains was supported by the red-shift of the ensemble and
single-molecule fluorescence emission of Nile red in PS-b-PEO films. Single-molecule tracking
data showed the initial enhancement and subsequent reduction of the diffusion of hydrophilic
sulforhodamine B molecules in PS-5-PEO films upon exposure to ethanol-saturated N», consistent
with the spectroscopic ellipsometry results. The higher ethanol susceptibility of the PEO

microdomains was attributable to their amorphous nature, as shown by FTIR data.

Introduction

Microphase separation of block copolymers (BCPs) leads to the formation of periodic, well-

1,2

defined nanoscale structures based on distinct polymer components. Such self-assembled

microdomains possess mechanical and physicochemical properties that are close to those of the
corresponding homopolymers, yielding monolithic materials with functions reflecting the
properties of the individual microdomains. The size and morphology of the microdomains can be
varied by controlling the compatibility and lengths of individual polymer blocks, permitting their
functions to be tuned. Owing to these unique properties, BCPs have been explored for use in

various applications, including thermoplastic elastomers and adhesives,** templates for fabrication
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of nanopatterns and nanomaterials,””’ polymer electrolytes, and chemical separation and

sensing media.'*!3

The physicochemical properties of BCP microdomains are often considered to be identical

to those of their homopolymer counterparts. However, it was reported that microdomains have

16,17 16-19

lower glass transition and melting temperatures ™’ and poorer crystallinity as compared with



the corresponding homopolymers.  Similar observations were reported for polymers in
nanoconfined systems, including polymers incorporated into rigid nanopores and ultrathin

20,21

polymer layers sandwiched between solids. In particular, polystyrene-block-poly(ethylene

oxide) (PS-b-PEO) electrolytes exhibited a unique dependence of Li" conductivity on PEO

t,222% which could be associated with the preferential Li* distribution to the middle

molecular weigh
of the PEO microdomains®* and low ionic permeability of the PS—-PEO interfacial regions.?> These
observations could be explained by enhanced interfacial interactions and geometric restriction that
manipulate the dynamics and packing/entanglement of the polymer chains.?!*2>27 Indeed,
enhanced chain dynamics in BCP microdomains were shown using dielectric spectroscopy?®?® and
neutron scattering.?’” The dynamic properties of polymer chains should have a significant influence
on polymer—solvent interactions and associated phenomena such as solvent permeation and
swelling.”? However, to the best of our knowledge, there is no prior study that unveiled the
characteristics of the solvent-induced swelling of BCP microdomains through a comparison with
those of their homopolymer counterparts.

A thorough understanding of solvent-induced effects on microdomain properties is crucial
to control the performance of BCP-based polyelectrolytes®® and separation membranes.!®! In
addition, solvent-based treatment methods are widely employed to improve microdomain
orientation in BCP films.’*** The solvent-induced swelling of BCP films has been investigated

34,35

by monitoring their thickness using ellipsometry>**> and interferometry,*® their mass using a quartz

38-40

crystal microbalance,’” microdomain spacing using scattering-based methods, and their

solvent content using infrared spectroscopy.'” Swelling-induced changes in surface morphology

and solute permeability were shown using atomic force microscopy (AFM)**? and fluorescence

37,43,44

methods, respectively. Most of these studies report swelling behaviors by solvent(s) with



high compatibility to one or more of the BCP components. In contrast, the effects of poor solvents
on microdomain properties attracted limited attention in spite of their critical roles in microdomain
alignment, 14346

In this study, we investigated the swelling behaviors of PS-5-PEO films (20-350 nm thick)
(Figure 1) under ethanol- and water-saturated N, which will be referred to as EtOH and water
vapor, respectively, using in situ spectroscopic ellipsometry and fluorescence microscopic
techniques. We studied PS-5-PEO, because its solvent-treated films/membranes’® were examined
as polyelectrolytes,®’ lithographic masks® and separation membranes.'?> We compared results from
PS-b-PEO films with those from PS and PEO homopolymer films (Figure 1) to clarify the
characteristics of the swelling behaviors of the former. Ethanol is a poor solvent to both PS*” and
PEO." However, hot ethanol was recently used to prepare nanoporous separation membranes
from PS-b-PEO.**>* These reports motivated us to investigate the influences of ethanol at room
temperature (ca. 20 °C) on the properties of PS-b-PEO microdomains. Water is a poor solvent to
PS but a good solvent to PEO, and plays a key role in solvent vapor annealing that is widely used
to control the orientation of PEO microdomains in PS-b-PEO films.** We first employed in situ
spectroscopic ellipsometry to monitor film thickness upon exposure to these solvent vapors. We
unexpectedly observed an increase in the thickness of PS-b-PEO films upon exposure to EtOH
vapor, in contrast to PS and PEO homopolymer films. Subsequently, we sought to gain detailed
insights into the effects of EtOH/water vapor exposure on the microdomain properties using
fluorescence microscopic techniques: two-color ensemble and single-molecule fluorescence

) 51-54
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imaging with solvatochromic Nile red (NR; Figure 1 and single-molecule tracking

(SMT)*** and fluorescence correlation spectroscopy (FCS)*® with hydrophilic sulforhodamine B



(SRB; Figure 1). These measurements provide valuable information on the unique swelling

behavior of PS-b-PEO films over the corresponding homopolymers.

PS-b-PEO PS PEO

oy
Nile Red (NR) Sulforhodamine B (SRB)

Figure 1. Molecular structures of polymers (PS-b-PEO, PS, PEO) and fluorescent dyes (Nile red
(NR) and sulforhodamine B (SRB)) used in this study.

Methods

Chemicals and Materials. All the polymers employed (Figure 1 and Table 1) were
purchased from Polymer Source and used as received. Nile red (NR, Aldrich) and sulforhodamine
B (SRB, Acros) were used without further purification. Ethanol (HPLC/spectrophotometric grade,
Sigma-Aldrich) and toluene (HPLC grade, Fisher Chemicals) were used to prepare dye stock
solutions and polymer solutions, respectively. EtOH and water vapors were generated by bubbling
dry N> through ethanol (Decon Laboratories) and ultrapure water having a resistivity of > 18 MQ
cm (Barnstead Nanopure Systems), respectively. Glass coverslips (FisherFinest® Premium; 25 x
25 mm?, 0.2 mm thick) and Si (100) wafers (p-type) were purchased from Fisher and University

Wafer, respectively. Gold-coated Si wafers, which were prepared by sputtering 10 nm of Ti



followed by 200 nm of Au onto Si (100) wafers, were purchased from LGA Thin Films (Foster

City, CA).

Table 1. Polymers Used in This Study

polymer manufacturer ID M, (PS) (g/mol) | M, (PEO) (g/mol) | M/M,
PS-b-PEO (13.5k—4k) P40815-SEO 13,500 4,000 1.03
PS-b-PEO (35k—10.5k) P19450-SEO 35,000 10,500 1.10
PS (15k) P9746-S 15,000 - 1.09
PEO (3.8k) P5523-EGOCH3 - 3,800 1.08
PEO (12k) P40617-EGOCH30H - 12,000 1.05

Preparation and Characterization of Polymer Films. Polymer films (20-350 nm thick)
were prepared on plasma-cleaned glass coverslips for fluorescence measurements, on Si substrates
(ca. 1 x 1 cm?) for atomic force microscopy (AFM), small-angle X-ray scattering (SAXS) and
spectroscopic ellipsometry measurements, and on gold-coated Si substrates (ca. 1 x 1 ¢m?) for
FTIR external reflection spectroscopy (FTIR-ERS) measurements. These films were formed by
spin-casting their toluene solution (0.4—6 wt%) on the substrates at 2000 rpm for 30 sec. For the
fluorescence measurements, thin films were prepared from polymer solutions containing NR or
SRB to ultimately attain a nominal dye concentration in the films in the range of 0 ~ 300 nM.

Tapping-mode AFM measurements were carried out using a Digital Instruments Multimode
AFM with Nanoscope Illa electronics and Asylum AFM probes in air. Reflection SAXS data
were measured under ambient conditions using a Rigaku Smartlab diffractometer equipped with a

copper target (1= 1.54 A).>7 The scattered X-rays, obtained at tube voltage and current of 40 kV
and 44 mA, respectively, were detected with a point detector in the angular range (26) of 0 ~
1.9968° with a step angle of 0.0052°. FTIR-ERS data were collected using a Nicolet iS50 FTIR
spectrophotometer equipped with a Harrick Seagull reflection accessory (Pleasantville, NY)

purged with N> and a DTGS detector.’® All FTIR spectra were the sum of 256 scans obtained with



4 cm™! resolution at an 84° angle of incidence with respect to the substrate. The ionic impurities
of the polymers were measured using inductively coupled plasma mass spectrometry (ICP-MS)

upon digesting the polymers in concentrated nitric acid at 75 °C for 3 days.

In Situ Spectroscopic Ellipsometry Measurements. The thickness and refractive index (at
632.8 nm) of the polymer films were recorded by a J.A. Woollam Alpha-SE spectroscopic
ellipsometer using its CompletetEASE® software. These parameters were simultaneously
recorded every 12 sec under a flow of N, EtOH vapor, or water vapor at a flow rate of ca. 2.5
SCFH at room temperature (ca. 20 °C) (Figure S1). Film thickness gain was calculated by
subtracting initial film thickness recorded under N> from its maximum thickness obtained under

each vapor.

Wide-Field Fluorescence Measurements. An inverted fluorescence microscope with epi-
illumination setup (Nikon Eclipse Ti) (Figure S2ab)°® was employed to measure ensemble and
single-molecule fluorescence images for NR>!:333* and SRB*+53°%0 in polymer films on glass
coverslips. Relatively thick films (100 — 300 nm thick) were measured to reduce the contributions
of dye molecules at the film—substrate interface to the fluorescence data.®' These films nominally
contained 300 nM NR for ensemble two-color measurements, 5 nM NR for single-molecule two-
color measurements, or 1 nM SRB for SMT measurements. These films were exposed to Na,

EtOH vapor, or water vapor at room temperature during the acquisition of wide-field fluorescence

images/videos. Detailed instrumental setups are given in Supporting Information.



(a) Two-color imaging with NR. Fluorescence emitted by NR was split to simultaneously
acquire fluorescence microscopic images in two spectral bands (580 + 20 nm and 625 £+ 20 nm)
using an image splitter (Cairn Research OptoSplit II) incorporating a second dichroic mirror
(Chroma 605, DCLP) and two bandpass filters (Chroma 580/40 and 610/75) (Figure S2a). The
emission ratio, £, was calculated from fluorescence signals in the 580 and 625 nm images (/530 and

I62s, respectively) using the following equation:**>*

— le25—Is80 (1)
le25+1580

Here, E values were used to qualitatively discuss the penetration of solvent vapor into polymer
films rather than to quantify local dielectric constants,>*>*%? because E is also controlled by the

rigidity/fluidity of polymer matrixes around NR molecules.’!

(b) SMT Measurements with SRB. SMT measurements and analysis were carried out
according to the procedure reported previously (Figure S2b).*> Single molecule trajectories > 8
consecutive frames in length were obtained with the frame-to-frame displacement of < 4 pixel®.
This displacement threshold was selected to reduce inappropriate linking, but unfortunately also

prevented measurements of quickly moving molecules. The diffusion coefficient of each molecule
(Dsmt) was determined from its mean square displacement (MSD) as a function of lag time (7)

using Eq (2) for a two-dimensionally diffusing molecule:>¢
MSD(z) = 4Dsmrtt (2)
Mobile trajectories were classified as those with Dsmr > 0.0248 pixels*/frame (= 0.0126 um?/s),

outside the 99.9% confidence interval of the Dsmt distribution from immobile spots.



FCS Measurements. FCS measurements were carried out for polymer films (ca. 300 nm
thick) containing 50 nM SRB using a Nikon TE-300 inverted epi-illumination microscope (Figure
S2¢) according to a procedure reported previously.®® Detailed experimental procedures are given

in Supporting Information. Each autocorrelation function was fitted to a two-dimensional Fickian

diffusion model, Eq (3) using the maximum entropy method (MEM).%*
1
G()=XLiq <1+—L> (3)
Di

In this equation, 7pi (= #*/4D;) and ai (n = 200) are the characteristic diffusion time of the ith
diffusion component and its contribution to the total autocorrelation amplitude, respectively. Peak

D values, Drcs fastest, DFCS,medium, and DEcs slowest, Were compared with Dsmr.

Results & Discussion

In this study, we investigated the properties of thin films of PS-5-PEO (13.5k—4k) and PS-b-
PEO (35k-10.5k) upon exposure to EtOH/water vapor at room temperature. These diblock
copolymers have similar PEO volume fractions (= 0.22) with different molecular weights, and thus
were anticipated to afford microdomains with a similar morphology but different dimensions.
Results from the PS-b-PEO were compared with those from PS and PEO homopolymers to reveal
the unique characteristics of the nanostructured polymer domains. As characterization techniques,
AFM and reflection SAXS were used to verify microdomain formation in the PS-b-PEO films,
and FTIR-ERS was used to assess the crystallinity of the PEO microdomains. Spectroscopic
ellipsometry was employed to monitor film thickness and refractive index upon exposure to the
different vapors. Finally, a series of fluorescence measurements with NR and SRB were carried

out to gain insights into vapor-induced changes in the properties of the PS and PEO microdomains.



Microdomains Formed in PS-5-PEO Films. Microdomain formation could be verified
from the AFM images of PS-H-PEO films (100-240 nm thick) (Figure S3). Larger microdomains
were obtained from the longer PS-h-PEO, as shown by the microdomain spacing: 23 + 2 and 30 +
3 (nm) for PS-H6-PEO (13.5k—4k) and PS-b-PEO (35k-10.5k), respectively. Importantly, the
microdomain size and morphology were not noticeably altered upon being dried after exposure to
EtOH (Figure S3cd) or water vapor (Figure S3ef). These observations could be associated with
the negligible swellability of the PS microdomains by water and ethanol at room temperature that
could serve as scaffolds for the PEO microdomains.

These diblock copolymers have PEO volume fraction of ~0.22, and thus were anticipated to

give microdomains of a similar, possibly cylindrical,'?

morphology. However, their films were
prepared via a spin-coating process involving quick solvent (here, toluene) evaporation, and thus
the formation of microdomains was kinetically controlled. AFM cannot be used to verify
microdomain formation inside these films. Thus, reflection SAXS>’ was used to gain information
on microdomains inside these films. Their SAXS data exhibited a broad peak that was not found
in the background spectrum obtained from a Si substrate (Figure S4), implying the presence of
microdomains in these films. The broad peak suggests the presence of microdomains with a
relatively non-uniform spacing in the range of 20-30 nm. A slight increase in 2 @ after exposure to
EtOH or water vapor could correspond to a slight decrease in microdomain spacing that may be
associated with PEO crystallization upon the swelling-drying process, as shown by FTIR data (see
below). The observation of the broad peak*® suggests that the microdomains of these films had

fairly ill-defined morphologies reflecting non-equilibrated chain conformations as a result of quick

solvent evaporation during the spin-coating process.**
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Furthermore, the crystallinity of PEO microdomains in PS-b-PEO films was assessed using
FTIR-ERS through a comparison with that of PEO homopolymer films. As shown in Figure S5ab,
the two PS-H-PEO gave very similar spectra that included the aromatic C—H and C=C stretching
bands of PS (3026 and 1601 cm™!, respectively) and the C-O/C-C stretching bands of PEO (1100
1200 cm™).3%% Importantly, the C-O/C-C stretching bands of the as-cast PS-5-PEO films were
relatively broad, suggesting that PEO in the PS-h-PEO was primarily present in an amorphous
phase.® Upon exposure to EtOH vapor or water vapor and subsequent drying, the C-O/C-C
stretching band at 1120 cm™ became sharper, implying the crystallization of the PEO
microdomains as a result of the removal of the polar solvent. In contrast, as-cast PEO (3.8k) and
PEO (12k) films afforded very sharp bands for the C-O/C-C stretching bands at 1100-1200 cm™!
(Figure S5cd), reflecting the quick crystallization of the PEO homopolymers during the spin-
coating process. The FTIR-ERS spectra of the PEO films were unchanged after exposure to EtOH
and water vapor. The lower PEO crystallinity in the as-cast PS-b-PEO films could result from the
inhibition of microphase separation by the surrounding PS microdomains, especially at the PS—
PEO interfacial region.'®!”?* It should be noted that the low PEO crystallinity cannot be attributed
to ionic impurities in the polymers, considering the trace concentrations (< 42 ppm) of alkaline

and alkaline earth metals verified using I[CP-MS.

Solvent-Induced Swelling of Polymer Thin Films. The swelling of a polymer film by
solvent(s) leads to an increase in its thickness.>* Here, the thickness and refractive index, n, of a
thin film under different vapor conditions were monitored using spectroscopic ellipsometry. The
solvent-induced swelling is anticipated to increase film thickness, and concomitantly to decrease

n owing to the smaller refractive indexes of the solvents used.
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Figure 2 shows typical time course data for films of (a) PS-b-PEO (13.5k—4k), (b) PS-b-
PEO (35k-10.5k), (¢) PS (15k) and (d) PEO (12k) under N> (unshaded), EtOH vapor (shaded in
orange) or water vapor (shaded in blue). In these graphs, the thickness and » of the films are
depicted on the left (in black) and right axes (in red), respectively. The n values of the PS and PS-
b-PEO films under N> were close to the literature and estimated values (1.589 and 1.560,
respectively).’® but that of the PEO film was significantly larger than the literature value (1.454),
possibly caused by the imperfect fitting owing to its surface roughness. Exposure to EtOH vapor
or water vapor led to an increase in thickness and a concomitant decrease in n for PS-5-PEO
(13.5k—4k) and PS-h-PEO (35k—10.5k) films (Figure 2ab). The changes in film thickness and »
were reversible (Figure 2ab), and a 6-9% thickness gain was observed regardless of the initial
thickness (Figure 3ab and Table 2). These observations indicate that the entire PS-H-PEO film
was swollen by these solvent vapors. Apparently, thin films of PS-b-PEO (13.5k—4k) exhibited
the larger thickness gains (Figure 3ab), but statistically, the thickness gains of PS-6-PEO (13.5k—
4k) and PS-h-PEO (35k—10.5k) films were not different at the 95% confidence level (Table 2).
Of note, the slightly positive y-intercept of the least-squares regression line (offset in Table 2)
implied the formation of a solvent layer on the PS-b-PEO films where dye molecules could diffuse

quickly, as observed using SMT and FCS (see below).
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Figure 2. Typical time course data obtained with spectroscopic ellipsometry for thin films of (a)
PS-b-PEO (13.5k—4k), (b) PS-6-PEO (35k-10.5k), (c) PS (15k) and (d) PEO (12k) under the flow
of N> (unshaded), EtOH vapor (shaded in orange) and water vapor (shaded in blue) at room
temperature. The ellipsometric thickness and refractive index of the films are shown in black (left
ordinate) and red (right ordinate), respectively. For Figure 2ab, the magnified data are shown
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below to clarify the time-dependent thickness changes.
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Figure 3. Plots for thickness gain as a function of initial thickness for thin films of (a) PS-5-PEO
(13.5k—4k), (b) PS-b-PEO (35k-10.5k), (c) PS (15k) and (d) PEO (12k). Individual data points
correspond to data obtained from individual films. Thickness gain was calculated by subtracting
the thickness of an as-cast (dry) film from the maximum thickness of the same film obtained upon
solvent vapor exposure.
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Table 2. Solvent Vapor-Induced Thickness Gain (in %)® and Offset (in nm)® for the Polymer
Films.

polymers EtOH vapor water vapor
thickness gain (%) offset (nm) thickness gain (%) offset (nm)
PS-b-PEO (13.5k—4k) 9.0+22 03+3.6 87+2.0 02+33
PS-b-PEO (35k-10.5k) 69+1.38 0.7+3.1 62+19 1.5+33
PS (15k) 02+0.8 1.5+1.1 -0.1+1.1 1.1+1.5
PEO (12k) 2.1+13 1.1+1.0 141 £17 27+13

9 95% confidence interval obtained from the slope and y-intercept, respectively, of a least-squares
regression line obtained from the data shown in Figure 3.

In particular, the ethanol-induced swelling of the PS-h-PEO films was unexpected,
considering the poor compatibility of ethanol with both PS and PEO.*"*" Indeed, changes in the
thickness and n of PS (15k) and PEO (12k) films were negligible or much smaller than those of
the PS-b-PEO films (Figures 2¢d and 3cd, and Table 2). In addition, PEO (3.8k) films exhibited
negligible thickness change under EtOH vapor (i.e., 0.6-1.4 nm increase for the thickness range
of 23—112 nm; data not shown). Interestingly, these PS-b-PEO films under EtOH vapor exhibited
a thickness increase during the first few minutes and a subsequent thickness decrease (Figure 2ab,
magnified data), which will be discussed later.

On the other hand, exposure of the PS-5-PEO films to water vapor led to a gradual thickness
increase, reaching a plateau (Figure 2ab, magnified data). The water-induced thickness increase
could be ascribed to the swelling of the PEO microdomains, as water is a good solvent for PEO.
Indeed, PEO (12k) films exhibited a gradual thickness increase upon exposure to water vapor
(Figure 2d), though changes in their ellipsometric thickness and n were not reversible owing to
partial dissolution under water vapor. PEO (3.8k) films were dissolved under water vapor (data
not shown).®® In contrast, PS (15k) films exhibited negligible thickness change under water vapor,
as expected from their poor compatibility (Figures 2¢ and 3¢, and Table 2). Of note, the maximum
thickness gain of PS-H-PEO films (PEO volume fraction = 22%) was 6—9%, much smaller than

that expected from the result of PEO films (140%) (Figures 3abd and Table 2). The significant
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suppression of the thickness gain of the PS-b-PEO films was attributable to the unswellable PS
microdomains that restricted the volume expansion of the PEO microdomains. Most importantly,
the maximum thickness gain of the PS-5-PEO films by water vapor was very similar to that by
EtOH vapor (Table 2), indicating that the PEO microdomains were swollen by these vapors.
These results reveal that the PS-b-PEO films are susceptible to EtOH-induced swelling in
contrast to their homopolymer counterparts. The similarity of the maximum thickness gains under
EtOH and water vapors implied the swelling of the PEO microdomains. Unfortunately,
spectroscopic ellipsometry cannot provide detailed information on the swelling behaviors of the
microdomains. We thus employed fluorescence microscopy methods to gain more detailed

insights into the solvent-induced changes in the properties of each of the microdomains.

Polarity/Rigidity Environment in Polymer Thin Films under EtOH and Water Vapor.
The fluorescence of NR is known to be sensitive to the polarity and rigidity of its surrounding
matrix, and thus was used to probe the swelling of polymer films by polar solvents.’>7° Here,
we assessed the fluorescence emission of NR using E values that were calculated using Eq (1)
from the fluorescence intensities of an identical region or single molecule in two images
simultaneously recorded in different spectral bands: 580 + 20 and 625 + 20 nm.*>** These two
bands were chosen because they correspond to the emission wavelengths of NR in nonpolar and
polar solvents (e.g., toluene and ethanol), respectively.®® E is more positive under a more polar
and/or less rigid environment.

First, ensemble two-color fluorescence images were measured to verify the distribution of
NR in PS-5-PEO films. Figure S6 shows the typical two-color fluorescence images of 200-nm

thick films of the four polymers containing 300 nM NR under N2, EtOH vapor, and water vapor.
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The fluorescence of NR at 580 nm was significantly more intense than that at 625 nm in PS-b-
PEO films under N, (Figure S6ab), as with that in PS films (Figure Sé6c). The PS-b-PEO films
afforded E values similar to those of PS films and toluene (Figure 4ab). In contrast, PEO films
under N> offered comparable fluorescence intensities at the two wavelengths (Figure Sé6d) to give
a more positive £ value (Figure 4ab), reflecting the higher polarity of PEO than PS. These results

indicate that NR molecules in the PS-b6-PEO films were preferentially distributed to the PS

microdomains owing to their fairly low polarity.>*>*
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Figure 4. (a,b) Ensemble E values obtained from NR-containing thin films (ca. 300 nM, ca. 200
nm thick) of PS-b-PEO (13.5k—4k), PS-b-PEO (35k—10.5k), PS (15k), and PEO (12k) (a) at
different EtOH vapor exposure times and (b) at different relative humidity (RH). (c,d) Single-
molecule £ values obtained from thin NR-containing films (ca. 5 nM, ca. 200 nm thick) of PS-b-
PEO (35k-10.5k) and PS (15k) (c) at different EtOH vapor exposure times and (d) at different RH.
Ensemble E values of 300 nM NR solutions in ethanol and toluene, which are close to previous
reports,®? are shown as dashed pink and orange lines, respectively. The error bars represent 95%
confidence intervals obtained from E values of images recorded at 5-7 different areas (for a,b) and
from single-molecule £ values in images recorded at 1-10 different areas (for c,d).
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Upon exposure to EtOH vapor, the NR fluorescence intensity at 625 nm slightly increased
in the PS-b-PEO and PEO films to give more positive £ values, while no such change was observed
in the PS films (Figures 4a and S6). The change in £ was observed within a few minutes upon
flowing EtOH vapor, as consistent with the ellipsometric data (Figure 2). These results indicate
that EtOH vapor could penetrate into PS-b-PEO and PEO films to change the environments
surrounding NR molecules so they become more polar and/or less rigid. The positive E shift
(Figure 4a) and negligible thickness change (Figure 3d) for the PEO films suggests they were
permeable to EtOH vapor, but the packing/entanglement of the PEO chains was not strongly
affected by EtOH vapor. The PS films were impermeable to EtOH vapor, as verified by negligible
changes in £ (Figure 4a) and ellipsometric thickness (Figure 3c¢). Considering the results from
the homopolymer films, the positive £ shift for the PS-H6-PEO films under EtOH vapor was
attributable to vapor permeation through the PEO microdomains, which possibly increased the
local polarity of the PS-PEO microdomain boundary where some NR molecules were located.
This explanation was consistent with the larger E shift observed at PS-6-PEO (13.5k—4k) than PS-
b-PEO (35k—10.5k) (Figure 4a), which was attributable to the higher interface/volume ratio in the
films comprising the smaller microdomains.

On the other hand, PS-»-PEO films showed a much smaller change in £ under water vapor,
as with PS films and in contrast to PEO films, in spite of the high water—-PEO compatibility (Figure
S6 and Figures 4b).°® NR fluorescence at 580 nm in water vapor-exposed PS-b-PEO films was
as intense as that in PS-b-PEO films under N, (Figure Sé6ab). These observations support the

preferential distribution of NR to PS microdomains in the PS-b-PEO films.
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These ensemble results were further verified by single-molecule two-color fluorescence
data>*-* obtained from 200-nm thick films. Figures 5 and S7 shows fluorescence images recorded
for thin films of the four polymers with and without 5 nM NR, respectively. The presence of NR
offered the larger number of fluorescent spots per video for PS-6-PEO and PS films (Figures Sa-
¢ vs. S7a-c), but not for PEO films (Figures Sd vs. S7d). Fluorescence from NR molecules was
generally more intense than that from impurities, as shown by fluorescence intensity histograms
(Figure S8). The negligible single-molecule fluorescence from NR in PEO (Figure S8d), as well
as the weaker ensemble fluorescence (Figure S6d), could be ascribed to the reduction of the
quantum efficiency of NR in polar environments.>!>”® More importantly, many single molecules
in PS-h-PEO and PS films under N offered more intense fluorescence at 580 nm (Figure 5a-c) to
give negative E (Figure S9a-c), confirming that single NR molecules were mainly present in non-
polar environments in these films. Of note, most of NR molecules in PS-»-PEO and PS films were
immobile under EtOH and water vapor (data not shown), supporting their preferential distribution

to the PS microdomains that were not swellable by ethanol and water.
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N2 EtOH vapor (= 12 min) water vapor (= 80% RH)
580 + 20 nm 625 + 20 nm 580 + 20 nm 625 + 20 nm 580 + 20 nm 625 + 20 nm

(a) PS-b-PEO
(13.5k-4Kk)
- --

(35k-10.5k)

Figure 5. Typical single-molecule fluorescence images recorded in two spectral bands (left: 580
+ 20 (nm); right: 625 £+ 20 (nm)) for thin PS-b-PEO (13.5k-4k), PS-6-PEO (35k-10.5k), PS, and
PEO films (ca. 200 nm thick) containing 5 nM NR upon exposure to N2, EtOH vapor (> 12 min),
and water vapor (> 80% RH). Integration time: 1 s. The color scale (in counts) is 300 ~ 3,000 for
all the images.

(c) PS (15k)

(d) PEO (12k)

10 ym

Single NR molecules in PS-5-PEO (35k-10.5k) films exhibited the reversible positive shift
of £ under EtOH vapor in contrast to those in PS films (Figures 4c¢ and S9bc), consistent with the
ensemble data (Figure 4a). This observation could be associated with EtOH-induced changes in
the polarity/rigidity environment in the PS microdomains, possibly near the PS-PEO boundary
region. In contrast, single-molecule E values at PS-5-PEO (13.5k-4k) negligibly changed under

EtOH vapor owing to the significant contribution of impurity signals, as indicated by its £
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distributions appearing very similar to those from NR-free films (Figures S9a). On the other hand,
negligible changes in E for PS-5-PEO (35k-10.5k) and PS films under water vapor (Figure 4d)
were consistent with the ensemble data (Figure 4b), and thus with the preferential distribution of
NR molecules to PS microdomains in PS-6-PEO (35k-10.5k) films.

In conclusion, the two-color ensemble and single-molecule imaging verified that EtOH vapor
can permeate through PEO microdomains, leading to changes in the polarity/rigidity of the

environment around NR molecules that are possibly located at the PS—PEO interfacial region.

Diffusion of Hydrophilic Dyes at Polymer Thin Films under EtOH and Water Vapor.
The results described above indicate that the solvent-induced thickness gain of PS-b-PEO films
primarily reflected the swelling of the PEO microdomains. The swelling of the PEO microdomains
was further assessed from the diffusion behavior of SRB, a fluorescence probe that preferentially
partitions to the PEO microdomains,*® using SMT and FCS.

Figure 6 depicts the trajectories of single SRB molecules obtained from PS-b-PEO and PEO
films under N2, EtOH vapor, and water vapor. Original SMT videos for the PS-b-PEO films are
given as Videos S1-S10. SRB molecules in these films were immobile under N> (Figure 7), and
were mobilized under EtOH vapor (Figure 6, EtOH (2 min)). Interestingly, prolonged exposure
to EtOH vapor led to the reduction of their diffusion (Figure 6, EtOH (12 min)), as shown by a
decrease in the percentage of mobile SRB molecules (Figure 7a) and also in Dswvt (Figures S10a
and 7b). The initial enhancement and subsequent reduction of the solute diffusion were consistent
with the initial swelling and subsequent deswelling of PS-b-PEO films as observed using

spectroscopic ellipsometry (Figure 2ab). The deswelling may be driven by the crystallization of
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PEO microdomains that would cause the gradual exclusion of ethanol from PEO chains owing to

the low ethanol-PEO compatibility, as implied by the FTIR-ERS data (Figure S5ab).
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Figure 6. SMT trajectories obtained from thin films containing 1 nM SRB (230 nm thick for PS-
b-PEO (13.5k-4k), 250 nm thick for PS-b-PEO (35k-10.5k), and 100 nm thick for PEO (12k))
under N>, after exposure to EtOH vapor (2 min and 12 min) or water vapor (65% RH and 80%
RH). The original SMT data for the PS-5-PEO films are given as Videos S1-S10.
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Figure 7. SMT results obtained from thin SRB-containing films (ca. 1 nM SRB) of PS-b-PEO
(13.5k-4k) (ca. 230 nm thick), PS-b-PEO (35k-10.5k) (ca. 250 nm thick), and PEO (12k) (ca. 100
nm thick). The percentage and Dsmt of mobile molecules (a, b) at different EtOH vapor exposure
times and (c, d) at different RH. The data on N in the graphs were obtained under N> after solvent
vapor exposure. The error bars in Figure 7bd represent 95% confidence intervals obtained from
single molecule Dsmr values shown in Figure S10.

PEO films exhibited the enhancement of SRB diffusion under EtOH vapor, but did not
clearly show the subsequent reduction of SRB diffusion in contrast to the PS-b-PEO films (Figure
7ab). The Dswmr values obtained from the PEO films were smaller than those from the PS-6-PEO
films, possibly reflecting their higher crystallinity®® than the PEO microdomains. Interestingly,
PS-b-PEO (13.5k-4k) films afforded smaller Dsmrt values than PS-56-PEO (35k-10.5k) under EtOH
vapor (Figure 7b), which could reflect the larger contributions of PS—PEO interfacial region
having lower solute diffusivity owing to the larger interface/volume ratio in the former.?>%

The diffusion of SRB molecules in PS-»-PEO and PEO films was enhanced by the longer
duration of water vapor exposure, as shown by trajectory data acquired at 65% RH and 80% RH
(Figure 6), which corresponded to exposure times of 3 min and 7 min in Figure 2ab. The

percentage and Dsmt of mobile molecules gradually increased with increasing RH (Figure 7cd),

consistent with the thickness increase of the PS-6-PEO films (Figure 2abd). These observations
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resulted from the hydration of PEO that enhanced their chain mobility, as anticipated from the
high PEO—water compatibility

It should be pointed out that SMT videos (Videos S2—S5, S7-S10) show many molecules
that moved too quickly to yield trackable trajectories, which were likely to diffuse on the film
surface. More quantitative assessment of the diffusion of SRB molecules in these films was

explored using FCS.%%%3

FCS is based on the measurement of temporal fluctuations in the
fluorescence intensity caused by the passage of diffusing molecules through the detection area,
and thus is not affected by immobile impurities. In addition, the time resolution of the fluctuation
measurements can be much higher than that of the single-molecule fluorescence video
measurements, permitting the investigation of faster diffusion processes. Unfortunately, in
contrast to SMT, FCS could not be used to monitor the minute-scale temporal processes, because
relatively long measurement times (> 6 min) are required to obtain autocorrelation functions with
sufficiently high S/N. In addition, FCS could not afford D values under EtOH vapor owing to the
significant photobleaching of the dye molecules that were almost immobile after a relatively short
vapor exposure, as discussed above (Figure 6).

Figure 8 shows typical FCS data obtained from (a) PS-b-PEO (13.5k-4k), (b) PS-b-PEO
(35k-10.5k), and (c) PEO (12k) films after exposure to water vapor for > 10 min (> 80% RH). The
autocorrelation functions obtained were fitted using the MEM®"! to give 2-3 distinct diffusion
components, as summarized in Table 3. In all cases, Drcs fastest could be associated with SRB
molecules diffusing in a thin water layer or swollen PEO chains on the film surface.®> The
Drcs fastest values were significantly smaller than that of SRB molecules in aqueous solution (= 400

um?/s),” implying the presence of interactions between the solute molecules and polymer

chains/surfaces. The Drcs medium Values from the two PS-H-PEO films were in the range of D values
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obtained using SMT, further confirming water-induced swelling of the PEO microdomains. The
fractional contribution of Drcs medium (f in Table 3) to the autocorrelation data was greater for PS-
b-PEO (13.5k-4k) than for PS-b-PEO (35k-10.5k), consistent with the expected increase in
importance of the PS—PEO interfaces in the shorter block copolymer. Note that the smaller Dsmt
observed from PS-b-PEO (13.5k-4k) than PS-b6-PEO (35k-10.5k) (Table 3) may be associated
with the presence of Drcs siowest, Which could bias the Dsyr values in the former. On the other hand,
PEO films afforded two very fast diffusion components (Drcs,faster and DFcs,medium), in addition to
Drcs sowest (~ Dswmr) that could be assigned to dyes diffusing in the film (Figure 8¢ and Table 3).
The observation of the two very fast components may be associated with the partial dissolution of

the polymer by water.
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Figure 8. Typical FCS data (black dots) obtained on (a) PS-6-PEO (13.5k-4k), (b) PS-6-PEO
(35k-10.5k), and (c) PEO (12k) films containing 50 nM SRB (300 nm thick) under a flow of water
vapor (> 80% RH) at room temperature (ca. 20 °C). The fit and diffusion time distribution
obtained using the maximum entropy method are given by a dashed red line and open red circles,
respectively. The residuals of the fittings are also shown below. Note that Figure 8a was adapted
with permission from Ref 63. Copyright 2022 Nature/Springer/Palgrave.
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Table 3. Diffusion Coefficients (um?/s) of SRB in Water-Vapor-Exposed Thin Polymer Films®

Obtained Using SMT and FCS

Dswr ? Drcs fastest Drcs medium © Drcs stowest
() #° °
PS-b-PEO (13.5k—4k) | 0.23 +0.08 284+0.59 0.85£0.02% | 0.0571 £ 0.00049
(0.42) (0.51) (0.07)
PS-b-PEO (35k-10.5k) | 0.82+0.20 124+039 0.76 +0.019 NA
(0.96) (0.04)
PEO (12k) 0.09 + 0.05 57.5+029 3.71+£0.019 | 0.168 £ 0.0039
(0.60) (0.38) (0.02)

9 Upon exposure to water vapor for > 10 min, > 80% RH. ? 95% confidence interval from
individual molecules (1 nM SRB) in thin films (230, 250, and 100 nm thick for PS-»-PEO (13.5k-
4k), PS-b-PEO (35k-10.5k), and PEO (12k), respectively. © Measured for 50 nM SRB in 300-nm
thick films. ¥ 95% confidence interval obtained from the Gaussian fit of the Dpcs distribution. ¢
Fraction of the Drcs component.

Conclusions

In this study, we revealed the unique swelling properties of block copolymer microdomains
in thin PS-»-PEO films through systematic spectroscopic and microscopic measurements under
N>, EtOH and water vapors. We observed a 6-9% increase in the thickness of PS-6-PEO films
under EtOH vapor using in situ spectroscopic ellipsometry, which was unexpected considering the
poor compatibility of ethanol with PS and PEO. The maximum thickness gain was close to that
observed upon exposure to water vapor, suggesting that the thickness increase was controlled by
the swelling of PEO microdomains (20-30 nm in domain spacing) in PS-b-PEO films.
Interestingly, PS-b-PEO films exposed to EtOH vapor exhibited a gradual thickness reduction after
an initial quick thickness increase, which was not observed for those exposed to water vapor. We
employed a series of fluorescence techniques to gain detailed insights into the swelling behaviors
of the PS-b-PEO films. Two-color fluorescence imaging with NR verified the penetration of
ethanol vapor through PEO microdomains, and revealed the larger EtOH-induced polarity/rigidity

changes for the smaller PS-b-PEO owing to the larger interface/volume ratio associated with its
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smaller microdomains. SMT revealed the initial enhancement and subsequent reduction of SRB
diffusion in PS-H-PEO films upon exposure to EtOH vapor, which were consistent with the initial
swelling and subsequent deswelling of the films observed using spectroscopic ellipsometry. The
larger PS-b-PEO exhibited more significant enhancement of SRB diffusion upon exposure to
EtOH vapor, which could reflect the smaller interface/volume ratio with the lower solute
diffusivity at the PS—PEO interfacial region. On the other hand, the diffusion of SRB in PS-b-
PEO films under water vapor was enhanced at higher RH owing to the swelling of the PEO
microdomains, as expected from the high compatibility of water with PEO. FCS-MEM could be
used to measure quickly diffusing SRB molecules on/in the films under water vapor, in contrast to
SMT. The ethanol-induced swelling of the PEO microdomains was attributable to their amorphous
nature, as suggested by the FTIR-ERS data, possibly owing to suppressed microphase separation
at the PS-PEO interfacial region'®!7?* and the reduced entanglement of polymer chains in the
spin-cast films.®* The crystallization of PEO microdomains observed after water vapor exposure
and subsequent evaporation (Figure SSab) may play a role in the improved vertical orientation of
PEO microdomains in PS-5-PEO films upon solvent vapor annealing.

In addition, spectroscopic ellipsometry and fluorescence microscopy results provided
valuable information on the structural nature of the PS-5-PEO films. The observation of the 6—
9% thickness gain independent of film thicknesses indicated that the PEO microdomains in the
PS-b-PEO films penetrated from the air—film to film—substrate interfaces. The relatively small
thickness gain (6-9%) of the PS-H-PEO films was attributed to the suppression of the PEO swelling
by the unswellable PS microdomains.!” This study shows the applicability of a series of
fluorescence methods for comprehensive understanding of the unique physicochemical properties

of block copolymer microdomains. The detailed knowledge of the swelling properties of block

27



copolymer microdomains will help achieve the optimal performance of these materials for their

applications as polyelectrolytes and chemical separation membranes.
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