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Pathways that control the orientations of cylindrical microdomains formed in PS-b-P4VP thin 

films upon annealing in different solvent vapors were clarified using time-resolved in situ 

GISAXS and ex-situ scanning force microscopy. 
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Abstract 

The orientation changes of perpendicular cylindrical microdomains in polystyrene-block-

poly(4-vinylpyridine) (PS-b-P4VP) thin films upon annealing in different solvent vapors 

were investigated by in situ grazing incidence small-angle X-ray scattering (GISAXS) and 

ex-situ scanning force microscopy (SFM). The swelling of the P4VP perpendicular cylinders 

(C⊥) in chloroform, a non-selective solvent vapor leads to the reorientation to in-plane 

cylinders through a disordered state in a particular kinetic pathway in the phase diagram upon 

drying. On the other hand, the swelling of the P4VP perpendicular cylinders in a selective 

solvent vapor (i.e., 1,4-dioxane) induces a morphological transition from cylindrical to 

ellipsoidal as a transient structure to spherical microdomains; subsequent solvent evaporation 

resulted in shrinkage of the matrix in the vertical direction, merging the ellipsoidal domains 

into the perpendicularly aligned cylinders. In this paper, we discussed the mechanism based 

on the selectivity of the solvent to the constituting blocks that is mainly responsible for the 

orientation changes. 

 

Introduction 

Block copolymers consisting of chemically dissimilar blocks usually self-assemble into 

microphase-separated domains below the order-disorder transition temperature.1-4 This is a 

thermodynamically driven process that leads to periodic nanoscale structures with length 

scales ranging from 10 to 100 nanometres. The formation of the microdomain structures in 

bulk has been extensively studied from both theoretical and experimental points of view and 

explained by taking into account of interaction energies of blocks, block chain ratios and 

variations in entropy as a function of chain lengths.1-8 Monolayer films of block copolymers 

have recently received significant attention because of their potential nanofabrication 

applications, such as nanostructured membranes,9,10 nanoparticle templates,11-14 photovoltaic 
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cells,15 low-k dielectrics,16 and high density data storage media.17 For most of these 

applications, long-range lateral order and the orientation of the microdomains are of great 

importance.  

In the case of block copolymer thin films, however, film thickness and two types of 

interfacial interactions (i.e., block copolymer-air surface and block copolymer-substrate 

interactions) play a crucial role in controlling the orientation and ordering of microdomain 

structures.18-20 A number of strategies including the use of external forces such as electric 

field,11,21-23 shear force,24 chemically patterned substrates,25,26 directional solidification,27,28 

supramolecular assembly with small molecules,29,30 thermal annealing above glass transition 

temperatures of both blocks31-33 and solvent vapor annealing34-45 have been developed to 

control the orientation and to prepare highly ordered block copolymer thin films on 

substrates. Among these methods, solvent vapor annealing is a simple and effective method 

to manipulate the orientation of block copolymer microdomains in thin films.34-45 Interested 

readers are referred to recent perspective on solvent vapor annealing of block copolymer thin 

films reported by Sinturel et al.44 It is known that the microdomain orientation and long-range 

order are controlled by parameters of solvent vapor annealing including swelling ratios, a 

time in the equilibrated swollen state and deswelling rates of block copolymer thin films. 

These parameters are dictated by a solvent used for solvent vapor annealing process, i.e., 

selectivity of the solvent to one of the blocks, vapor pressure and boiling point of the 

solvent.44 Most of previous studies on solvent vapor annealing of block copolymer thin films 

have been done based on surface probing techniques such as scanning force microscopy, 

scanning electron microscopy or transmission electron microscopy. These techniques give us 

information about the local structures at the top surface, but it is difficult to reveal the inner 

structures. Although a cross section of a film allows for probing the interior structures, a lack 
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of contrast often prevents direct imaging without staining. Furthermore these real space 

techniques are limited to only the dried state (pre or post annealed samples).   

Considering the importance of a monolayer block copolymer thin film covering on a 

substrate in nanofabrication, it is necessary to understand their interior microdomain 

structures during switching between different alignments.13,14,42 Moreover, in order to address 

a challenge of improving the long range order of microdomains, it is crucial to understand the 

structural changes during solvent vapor annealing. Grazing-incidence small-angle X-ray 

scattering (GISAXS) is a powerful tool to assess interior morphologies of thin films 

quantitatively in the swollen state.38,40,41,43,46,47 Particularly in situ real time GISAXS 

measurements during solvent annealing (i.e., swelling and deswelling) are quite useful to 

understand pathways of orientational changes in microdomain structures of block copolymer 

thin films. For example, Ober and co-workers demonstrated that cylinder-sphere phase 

transition occurs upon selective solvent vapor annealing of a poly(α-methylstyrene)-b-poly(4-

hydroxy styrene) thin film. In this system, the structure in the swollen state was kinetically 

trapped in the dry state due to fast evaporation of the solvent.47 In another study, Paik et al. 

monitored the real time structural changes occurring in thin films of poly(α-methylstyrene)-b-

poly(4-hydroxy styrene) in the swollen state using vapors of selective (acetone) and non-

selective solvent (tetrahydrofuran (THF)) using GISAXS.48 It was demonstrated that the 

plasticization effect of the solvent vapors (chain mobility) controls the structural 

reorganizations. Swelling the film containing perpendicularly oriented cylinders with a non-

selective solvent (THF) induced the orientation change to parallel cylinders in the dried state, 

while in the case of a selective solvent (acetone), an order-order transition (cylinder-sphere) 

occurs instead.48 In a previous paper, we also reported the cylinder-sphere phase transition 

upon selective solvent vapor annealing of a polystyrene-block-poly(4-vinylpyridine) (PS-b-

P4VP) thin film.41 These in situ scattering studies suggest that if the chosen solvent is 
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selective to one of the blocks, the selective swelling of one of constituent blocks induces an 

order-order transition and the final microdomain structure depends upon the evaporation rate 

of the solvent.41,48 However, the detailed mechanism remains unclear yet, since it is believed 

to be a kinetic phenomenon largely determined by preparations procedures. 

In this study, we aim to understand the mechanism of orientational changes of 

cylindrical microdomains formed in PS-b-P4VP thin films annealing with both nonselective 

(chloroform) and selective solvent vapors (1,4-dioxane) by using a combination of in situ 

GISAXS and ex-situ SFM. PS-b-P4VP is a widely studied block copolymer system for self-

assembly and nanofabrication as it possess a high Flory-Huggins interaction parameter at 

room temperature.49,50 Furthermore, it is widely used for the formation of supramolecular thin 

films, since P4VP can be used effectively for the formation of hydrogen bonding with small 

molecules.13,29,30 The solubility parameters of chloroform, 1,4-dioxane, PS, and P4VP blocks 

are reported to be 19.0, 20.5, 18.6, and 22.2 MPa1/2, respectively. Here we show that the 

selectivity of solvent vapor to the block chains results in different pathways and final 

structures of P4VP cylindrical microdomain; (i) the use of chloroform, a non-selective 

solvent vapors, leads to the reorientation from perpendicular cylinders to in-plane cylinders 

via a disordered state; (ii) 1,4-dioxane, which is preferential solvation for PS chains, induces 

a morphological transition from perpendicular cylinders to ellipsoids as a transient structure 

to spherical microdomains and subsequent solvent evaporation recovers the perpendicularly 

aligned cylinders. Based on the present experimental data, we propose models upon the 

solvent vapor annealing of block copolymer thin films with non-selective and selective 

vapors. We believe that the present results provide a better understanding of essential features 

of solvent vapors that induce orientations of cylindrical microdomains in diblock copolymer 

thin film.  
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Experimental Section 

Materials and Thin films preparation: PS-b-P4VP with number average molecular masses 

of Mn=32900 g/mol for PS, Mn=8000 g/mol for P4VP, Mw/Mn = 1.06 for both blocks was 

purchased from Polymer Source, Inc. PS-b-P4VP was dissolved in chloroform, a nonselective 

solvent, to obtain a 1 wt% polymer solution. The polymer solution was filtered several times 

through Millipore 0.2 µm Teflon filters. Thin films were then prepared by a dip-coating 

process at a speed of 1.0 mms-1 onto silicon wafers, which was cleaned with dichloromethane 

in an ultrasonic bath for 20 min followed by further cleaning in a 1:1:1 mixture of 29% 

ammonium hydroxide, 30% hydrogen peroxide and water (Warning: This solution should not 

be stored in tightly sealed containers as it is extremely corrosive) for 1.5 h at 65 °C. Single-

crystal silicon wafers with a (100) orientation were purchased from Semiconductor 

Processing Co. The films were further annealed in the vapors of 1,4-dioxane for vertical 

alignment of the cylindrical microdomains.42 Porous templates were obtained by surface 

reconstruction of thin films in ethanol, a selective solvent for P4VP. 

Characterization: The thickness of the polymer films was measured by a SE400 

ellipsometer (SENTECH Instruments GmbH, Germany) with a laser (the wavelength of 

632.8 nm) at an incident angle of 70º. The thicknesses of all the films coated on silicon 

substrates were fixed to 28 ± 2 nm. Scanning force microscope (SFM) experiments were 

performed using a Dimension 3100 scanning force microscope (Digital Instruments, Inc., 

Santa Barbara) with a tapping mode to understand the film topology and surface morphology. 

A glass chamber with an air tight cap was used with the volume (V = 250 cm3) and surface 

area (S = 27 cm2) for ex-situ experiments. Another chamber with kapton windows having 

same size was designed for in situ GISAXS experiments, where saturation of solvent vapors 

can be controlled between 0 to 100%. This chamber has inlets for solvent vapors as well as 

inert gas flow. After swelling the films in saturated vapors for the required time, immediately 
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nitrogen gas was injected to dry the films where both chloroform and 1,4-dioxane evaporated 

within a fraction of a second. GISAXS measurements were performed at ID10B beam line 

(X-ray energy of 8 keV (λ=0.15377 nm)) at the European Synchrotron Radiation Facility 

(ESRF), Grenoble, France. The images were captured by a MAR CCD camera with a pixel 

size of 64.45 µm and resolution of 2048×2048. The sample to detector distance, which was 

calibrated with silver behenate standard, was 0.39 m. The films were irradiated with the fixed 

incident angle (αi) of 0.20o, which is just above the critical angle of PS-b-P4VP sample, such 

that the entire film structures are discussed. The GISAXS measurements started just after the 

injection of the solvent vapors to the annealing chamber. Data were collected at every 15 s. 

The 2-dimensional GISAXS patterns were processed using Fit2D free software to convert 

into 1-dimensional intensity profiles in the qy-qz plane, where qy is the scattering vector 

parallel to the film surface and qz is the scattering vector perpendicular to the film surface. 

 

Results and Discussion 

Solvent vapor annealing of perpendicular cylinders (C⊥⊥⊥⊥) in the nonselective solvent 

(chloroform): 

To explore the pathways of orientation switching from perpendicular to parallel morphology 

(C⊥ to C//), after the 1,4-dioxane vapor annealing ex situ SFM experiments were utilized to 

characterize surface morphologies of the  PS-b-P4VP thin films. PS-b-P4VP thin films 

annealed in 1,4-dioxane vapor assemble into hexagonally packed cylindrical microdomains 

oriented normal to the substrate surface (C⊥) (Figure 1, t=0). To enhance the contrast of the 

SFM images, the resultant films were further immersed in ethanol, a preferential solvent for 

P4VP and a non-solvent for PS, to make porous film by reconstructing the surface. This 

process was called as surface reconstruction.42,50,51 Russell and co-workers have shown that 

such a surface reconstruction process with the use of a selective solvent for PS-b-P4VP 
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diblock copolymer thin films does not alter the order or orientation of the microdomains.50,51 

We confirmed that surface reconstruction of 1,4-dioxane vapor annealed film persists the 

well-developed C⊥ microdomain structure having hexagonal packing with an average center-

to-center spacing of 26 ± 2 nm and pore diameter of 8 ± 1 nm. The corresponding fast Fourier 

transformation images (shown in the inset) support the formation of the ordered hexagonal 

packing structures at the film surface. These samples were further annealed in chloroform 

vapor, which is a nonselective solvent for PS-b-P4VP, for different times. Figure 1 shows the 

SFM height images of the films annealed in chloroform vapors for different times. The 

scanning force microscope (SFM) images shown in Figure 1 correspond to the stage after the 

surface reconstruction in ethanol. From the figure we can see that the films annealed in 

chloroform vapor for 2 and 4 minutes display the identical surface morphology. However, 

significant changes were observed in the 6 min annealed sample and the resultant surface 

morphology looks like disordered wormlike morphology. The perpendicular cylindrical 

microdomains were deformed significantly and almost disappeared. On further increasing the 

annealing time to 8 min, the orientation is switched to the parallel one. As seen from the 

figure, the cylinders are not continuous. After 14 min annealing, the cylinders became more 

continuous and the resultant morphology completely switched to well-ordered parallel 

cylindrical morphology. These results demonstrated that 8 min chloroform vapor annealing in 

saturated vapors induces the switching of the orientation to parallel cylindrical morphology. 

However, the order of the parallel cylinders is poor due to the insufficient mobility of the 

polymer chains in the swollen state. Further increase in the annealing time accelerates the 

chain mobility, allowing the structure to reach towards the equilibrium morphology (i.e., 

parallel cylinders). Although the thickness of the film in the swollen state could not be 

measured directly, we speculate that it increases with annealing time and plays a crucial role 

in controlling the microdomain orientation.48,52 The surface reconstruction of the films 
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annealed in chloroform vapors for 14 min showed nanochannels (a center-to-center spacing 

of ~ 30 ± 2 nm.) oriented parallel to the substrate surface (C//) because of preferential 

solvation of P4VP block.  

 

Figure 1. SFM height images of the PS-b-P4VP thin film with original perpendicular 

cylindrical morphology (C⊥) at t=0 and then annealed in chloroform vapor at different times 

(all the images are taken after surface reconstruction in ethanol to show the better contrast). 

The numbers indicated at the left top of the images corresponds to the elapsed times (in 

minutes) in chloroform vapor. 

 

To assess the morphology in the swollen state and to understand the pathways of the 

orientational switching from perpendicular cylinders to parallel cylinders, in situ GISAXS 

experiments were performed. Sequences of GISAXS images are shown in Figure 2 at 

different intervals of time during chloroform vapor annealing of the C⊥ oriented block 

copolymer thin film. It should be noted that the GISAXS image at t=0 min corresponds to the 

time just after surface reconstruction in ethanol (a good solvent for P4VP, but a non-solvent 

for PS). The GISAXS image (t=0) prominently features sharp Bragg rods (i.e., vertical 

streaks) up to fourth order and the ratios of the higher order peak positions can be assigned to 
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2:3:4 relative to the first order peak position. The corresponding SFM image reflects the 

hexagonally ordered perpendicular cylinders with an average center-to-center spacing of 26 ± 

2 nm, which is very close to the periodic spacing calculated from the first maximum of 

GISAXS Bragg rod (28.8 nm). 

 

Figure 2. Time-resolved GISAXS images collected for the perpendicularly oriented PS-b-

P4VP cylinders (C⊥) upon exposure to saturated chloroform vapors. The last image 

(indicated by “dry state”) was collected after drying the film. The number on each image 

represent chloroform vapor exposure time in minutes. Data are from Ref. 41.  

 

There are a few possibilities to explain the appearance of high-order Bragg rods with relative 

peak positions of 2:3:4 even for hexagonally ordered perpendicular cylinders. The first 

possibility is that the film has parallel cylidrical micordomains, but this can be ruled out by 

the fact that the SFM image shows the perpendicular cylinders. Rather, as Russell and co-

workers pointed out,17 it is likely that the grain sizes of the cylindrical microdomains are 

comparable to the size of the coherence length of X-ray beam (~ 1 µm) such that additional 

in-plane alignment of the film is required to satisfy the Bragg condition. For example, Bragg 

rods are seen at scattering vectors characteristic of the (h,0) planes, where h is an integer, of a 
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hexagonal array of cylindrical microdomains oriented normal to the surface that are truncated 

at the surface. No evidence of (hk) reflections, where k is nonzero, is observed, indicating the 

perfect orientation of the lattice over the area exposed to the X-ray beam.17,41 In fact, we 

performed further GISAXS experiments and confirmed an apearence of the √3 peak at a 

specific (in-plane) rotation of the film (Figure S1). In addition, the SFM image supports that 

the grain size is larger than 1 µm. 

  

 

Figure 3. Time-resolved in-plane GISAXS intensity maximum of 1st, 2nd and 3rd order 

scattering peaks evaluated from in-plane GISAXS line profiles collected for the 

perpendicularly oriented PS-b-P4VP cylinders (C⊥) upon exposure to saturated chloroform 

vapors. 

 

The variations in the peak intensities of the first, second and third order peaks of the in-plane 

GISAXS (intensity vs qy) are plotted against the time in Figure 3. Upon exposure to 

chloroform vapors, the deviation from the linear behavior of the intensity change at t = 4 min 

might be attributed to the onset of order-disorder transition (ODT). The second and higher 

order peaks completely disappeared when the exposure time reached 8 min., and the intensity 

of the first order peak also decreases drastically. It is worth mentioning here that such a 
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drastic change in the intensity of SAXS reflections versus temperature can be seen at the 

order-disorder transition in bulk block copolymer samples.53-55 At the same time, out-of-plane 

GISAXS (intensity vs qz) line profiles did not show any obvious changes in the presence of 

the solvent vapors. Figure S2 shows the out-of-plane GISAXS line profile at t = 10 min 

(swollen state). No evidence of microphase separation between PS and P4VP is observed in 

the out-of-plane GISAXS pattern collected after 10 min (in the swollen state) indicating the 

miscibility of PS and P4VP chains in the swollen state due to order-disorder transition. After 

solvent removal (at t=12 min) the first order Bragg rod developed again (intensity of the first 

order peak increases), indicating the structural reorganization. Based on the GISAXS data 

and SFM data, it is speculated that the solvent facilitates the non-favourable interactions 

between the segments forcing the cylinders to deform first and then undergo coalescence with 

the neighbouring deformed cylinders to form the disordered state. We propose the following 

model to explain the re-orientation from perpendicular cylinders to parallel cylinders upon 

the solvent vapor annealing.  

Figure 4 shows a schematic diagram of the microdomain re-orientation upon swelling in the 

non-selective solvent (i.e. chloroform) and the effect can be incorporated in the phase 

diagram χN vs f. Chloroform is expected to uniformly distributed in the polymer film and 

impart chain mobility as a plasticizer.56 Many previous studies reported the depression of 

glass transition temperature of block copolymers under solvent vapor uptake.43,48,57-59 In 

addition, absorption of the vapors reduces the effective interaction parameter between the two 

blocks. Green and co-workers explained the effect of solvent vapors on the phase behavior of 

block copolymers.60 According to their study, the effective interaction parameter (χeff) 

between blocks in the presence of low molecular weight component can be approximated to 

be 

χeff  ≈ ϕ (χAB + ∆χ) = ϕ (χAB + χA-S - χB-S)                (1) 
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where ϕ is the volume fraction of a block copolymer in the solvent,  and ∆χ is the difference 

between the A-solvent and B-solvent interaction parameters χA-S and χB-S. It was assumed 

that χA-S and χB-S are not strongly dependent upon a polymer concentration. In the case of a 

nonselective solvent,  ∆χ ∼ 0 can be reasonably assumed. Hence, uniform swelling of a 

diblock copolymer in a nonselective solvent vapor leads to a decrease in χeffN, with N being 

the total block copolymer length. This shifts χ effN vertically downward, while f remains 

constant as shown in Figure 4, inducing the hexagonally packed C⊥ cylinders to the 

disordered state (1→2). In the drying process of the swollen film, the χeff (or χeffN) increases 

such that, the disordered structure re-transforms into cylinders (2→3) rapidly within a few 

seconds. Since the silicon substrate used in this study is hydrophilic, P4VP chains, which 

have a strong affinity for Si, preferentially adsorb onto the silicon, while PS preferentially 

migrates at the air/polymer interface because of its low surface energy.61,62 Consequently, 

P4VP domains with the substrate favours the formation of parallel cylinders. The GISAXS 

image shows two reflections in the Yoneda band, but do not show any Bragg rods with 

vertical streaks that are characteristic of the C⊥ cylinders. It is worth mentioning here that no 

ring like features are observed in the GISAXS 2D pattern in the dried sample, which are 

characterstic feature of radom orientation of parallel cylinders.63 These results suggest that 

the parallel cylinders are well ordered at least in the length scale comparable to the coherent 

length of X-rays (∼ 1 µm). As shown in Fig. 1, the SFM image validate the presence of such 

large grains composed of the parallel cylinders in the dried state. 
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Figure 4. Schematic representation of microdomain re-orientation during swelling of block 

copolymer thin film in non-selective solvent (chloroform) vapors. Right top part of the 

diagram shows χN vs f. 

 

Solvent vapor annealing of perpendicular cylinders (C⊥⊥⊥⊥) in the selective solvent (1,4-

dioxane): 

In this section, we discuss the structural changes upon solvent vapor annealing of the C⊥⊥⊥⊥ in 

the selective solvent (i.e., 1,4-dioxane) for PS, which is a majority component of the PS-b-

P4VP block copolymer used in this work. Figure 5 shows sequences of GISAXS images at 

different intervals of time during the swelling under 1,4-dioxane vapors. In this experiment 

the starting GISAXS image (at t=0) shows sharp Bragg rods up to fourth order whose ratios 

of the peak positions relative to the first order peak position are assigned to be 2:3:4. Upon 

exposure to 1,4-dioxane vapors, in contrast to the previous case, the Bragg rods remain intact 

even in the swollen state.  
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Figure 5. Time-resolved GISAXS images collected for C⊥ oriented PS-b-P4VP cylinders 

upon exposure to the saturated vapors of 1,4-dioxane. The last image was collected after 

surface reconstruction of the dried film in ethanol. Numbers on each image represents 1,4-

dioxane vapor exposure time in minutes. Data are from Ref. 41. 

 

No changes in the peak positions of the Bragg rods were observed upon the 1,4-dioxane 

vapor annealing. The variation in the intensity maxima of the first and second order peaks of 

the in-plane GISAXS (intensity vs qy) are plotted against time in Figure 6. From the figure 

we can see that the intensity of the first order peak slightly increases with the annealing time, 

whereas the intensity of the second order peak decreases marginally with increasing the 

solvent vapor annealing time. This observation is very different from the previous case, 

where the intensities of the Bragg rods were drastically reduced with the chloroform vapor 

annealing time, suggesting that the swollen state remains microphase separated in the case of 

the selective solvent. After evaporation of the solvent, the 2D GISAXS pattern shown in 

Figure 5 remains almost unchanged indicating the cylinders oriented perpendicular to the 

surface persists. 
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Figure 6. Time-resolved in-plane GISAXS intensity maximum of 1st and 2nd order scattering 

peaks evaluated from in-plane GISAXS line profiles collected for the perpendicularly 

oriented PS-b-P4VP cylinders (C⊥) upon exposure to saturated 1,4-dioxane vapors. 

 

In order to understand the changes in the internal structures of the block copolymer thin film 

upon swelling, out-of-plane GISAXS (intensity vs qz) line profiles at qy= 0.22 nm-1 extracted 

from the 2D GISAXS images are shown in Figure 7. With the progress of 1,4-dioxane vapor 

annealing time, obvious changes in the swollen state are observed in the out-of-plane 

GISAXS line profiles: At t=0, no peaks were observed, but after 6 min., a broad peak 

appeared at around qz = 0.24 nm-1 and its intensity increased with time up to 14 min, as 

indicated with the arrow in Figure 7. The appearance of the out-of-plane Bragg reflections in 

the swollen state is attributed to the formation of a microphase separated structure within the 

film. After solvent removal, this broad peak almost disappeared and the line profile matches 

with the profile at t=0, which is typical for the C⊥ cylinders. We postulate that the 

appearance and disappearance of the peak at qz = 0.24 nm-1 represents the order-order 

transition of the PS-b-P4VP thin film from cylinders to discrete objects (spheres or ellipsoids, 

as will be discussed below) in presence of selective solvent vapors. 

0 2 4 6 8 10 12 14

10000

15000

20000

25000

30000
 1st order peak

 2nd order peak
In

te
n

s
it

y
 (

a
.u

.)

Time (min.)

 

 

Page 17 of 29 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



17 

 

 

Figure 7. Time dependence of the out-of-plane GISAXS line profiles at qy= 0.22 nm-1 

extracted from Figure 5. Each data from top corresponds to 1.5 min time interval from t=0 

min. 

 

In order to provide insight into the transient structure via the order-order transition, the out-

of-plane GISAXS line profile for the swollen film in 1,4-dioxane vapors was analysed in 

detail. Figure 8 shows the out-of-plane line profile where we can see the broad (roll-over) 

peak at around qz=0.45 nm-1 along with the first-order scattering maximum at qz = 0.24 nm-1 

after 12 min. It is reasonable to assume that the first order peak is attributed to the lattice 

factor, while the roll-over region corresponds to the form factor of the discrete object. For 

this purpose, we employed a paracrystal theory. The paracrystal analysis compared the 

experiential scattering profile with the calculated one with a body-centered-cubic lattice with 

paracrystal distortion.64,65 Here we also considered the polydispersity of R given by a 

Gaussian function: 

]2/)exp[(~)( 22 σRRRP −                 (2) 

Where ��  and σ are the average R and corresponding standard deviation, respectively. 

However, as shown in Figure 8, we found that the best-fitted scattering profile for the 
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spherical model with �� =1.5 nm and σ = 0.5 nm (the red solid line) by using the paracrystal 

theory could satisfy only the experimental profile (open circles) up to q ≅ 0.07 nm-1. Also it is 

clear that the calculated scattering profile near the first order peak (with the interdomain 

spacing of 35 nm and the lattice distortion factor (or so-called g-factor) of 0.2) is quite 

different from the experimental profile. It should be noted that these parameters indicate that 

the transient lattice order is less compact and quite distorted, making the accuracy of the data 

fitting somewhat ambiguous. Here we do not discuss the lattice order further. 

Taking the deviation from the spherical model at 0.07 < q < 0.1 nm-1 into account, we then 

assumed that the shape of the transient microdomain unit was ellipsoidal. In fact, Russell and 

co-workers reported the mechanism of microdomain re-orientation from parallel cylinders to 

perpendicular cylinders in presence of electric field.66 The fluctuations caused by the applied 

electric field break up the parallel cylindrical microdomains into spherical microdomains, and 

these spherical microdomains then deformed into ellipsoidal domains that reconnected into 

cylindrical microdomains. Motivated by their results, we assumed that the broad rollover 

peak is attributed to the form factor of ellipsoids as a result of a transient structure of 

cylinders in the solvent. The scattering intensity from an ellipsoid of revolution (Rd, Rd, wRd) 

with a random orientation is given as follows: 

ββπ
π

duwRqF d sin)()3/4()(
0

223

∫ Φ=   (3) 

where  

)cos(sin
3

)(
3

uuu
u

u −=Φ     (4) 

with  

2/1222 ]cos[sin ββ wqRu d +=    (5) 

and Rd, w and β are radius of ellipsoid, an aspect ratio of the ellipsoid, and a polar angle 

between the axis of revolution and the reference axis, respectively. As shown in Figure 10, 
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the ellipsoidal model (the solid line) with Rd = 2.0±0.2 nm and w = 2.6±0.3 shows a 

reasonable fit to the data up to q = 1 nm-1.  Hence, we can see that the radius of the ellipsoids 

decreases by about 50% compared to the original cylinders. This can be explained by the fact 

that, the elongated (swollen) P4VP cylindrical microdomains in the direction normal to the 

film surface with the solvent should be contracted in the direction parallel to the film surface, 

in order to conserve the mass of the polymer (since P4VP does not dissolve in 1,4-

dioxane).67,68. 

 

Figure 8. Out-of-plane GISAXS line profile extracted for the swollen film in 1,4-dioxane 

vapors after 12 min. Circles: Experimental data; Red line: Calculated scattering profile for the 

spherical model with R =1.5 nm, σ = 0.5 nm, interdomain spacing of 35 nm, the g-factor of 

0.2 by using the paracrystal theory; Blue line: best-fit to the data on the basis of the 

ellipsoidal model by using eqs (3)-(5) with Rd = 2 nm and w = 2.6. 

 

Figure 9 shows a schematic model for the microdomain re-orientation upon swelling in a 

selective solvent (1,4-dioxane) and the effect can be discussed in conjunction with the phase 

diagram χN vs f. 1,4-Dioxane is a good solvent for the majority block PS, but a poor solvent 
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for the minority block P4VP. The effect of a selective solvent is more complicated in diblock 

copolymer systems because both f and χeff change. There are intensive reports on order-order 

transitions in block copolymer systems in presence of selective solvents,39,69,70 or 

homopolymers,71,72 variation of temperature,67,68,73 and the application of external fields, such 

as electric fields, magnetic fields, and shear flow.74-76 When the PS-b-P4VP is swollen by a 

selective solvent, the χeff (eq 1) value increases when the absolute value of the difference 

between PS/1,4-dioxane and P4VP/1,4-dioxane interaction parameters (∆χ) is higher than 0 

and/or the volume fraction of the copolymer in 1,4-dioxane (ϕ) decreases. For large swelling, 

ϕ will dominate, resulting in a decrease in χeff again.60 At the same time, 1,4-dioxane has an 

affinity for PS blocks and changes the volume ratio of the two copolymer blocks.  

In the present work, as a result of selective swelling of the PS matrix, the cylindrical 

microdomains of P4VP deform into the ellipsoidal domains in the swollen state without 

transition to the disordered state. From the previous scattering study, it was found that the 

Flory-Huggins interaction parameter lies between 0.317 < χPS-P4VP < 0.347 (temperature 

between 160 and 195 oC) for the PS-b-P4VP diblock copolymer.77 Such a large χ value 

suggests that PS-b-P4VP swells in vapors of a selective solvent without disordering. In the 

present case, the preferential swelling of the PS-b-P4VP thin films results in the order-order 

transition (OOT) (1→2) from cylindrical to ellipsoidal domain morphology in the vicinity of 

the sphere-cylinder phase boundary. Fast drying of the films leads to shrinkage of the 

microdomain structures in the direction along the film normal. Upon shrinkage, the solvent 

vapor should escape along the film normal, which could enhance the coalescence of the 

ellipsoidal domains along the film normal and which introduces anisotropy to the system. The 

escape rate of the solvent vapor is the main driving force for the fusion of the ellipsoidal 

domains. Ober and coworkers observed such a transition from cylindrical to spherical 

morphology upon annealing poly(α-methylstyrene)-b-poly(4-hydroxystyrene) thin films in a 
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selective solvent.48 In that case, the spherical morphology was trapped kinetically in the dried 

state, possibly due to the rapid evaporation of solvent (acetone) used. But in the present work, 

upon the film shrinkage the ellipsoidal domains are approaching in the direction along the 

film normal and, finally, coalesce into perpendicular aligned cylinders (2 → 1), which is 

kinetically preferable. In this way, we found that the selectivity of the solvent to constituting 

blocks and the solvent evaporation rate are mainly responsible for a particular kinetic 

pathway in the phase diagram and for the different alignments of the cylindrical 

microdomains in the PS-b-P4VP thin films. 

 

Figure 9. Schematic representation of structural changes upon swelling of PS-b-P4VP block 

copolymer thin film in the selective solvent (1,4-dioxane) vapors. Right top part of the 

diagram shows χN vs f. Swelling in the selective solvent drives the system on the route 1 → 

2, resulting in the ellipsoidal morphology. Drying of the swollen film leads to the 

hexagonally packed perpendicular cylinders via 2 → 1. 

 

Conclusions 
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By using the time-resolved in situ GISAXS and ex-situ scanning force microscopy, we have 

successfully clarified the novel pathways that control the orientations of cylindrical 

microdomains formed in PS-b-P4VP thin films upon annealing in different solvent vapors. 

The selectivity of the solvent to constituting blocks together with the geometry of drying 

determines the orientation of the cylindrical microdomains with respect to the substrate plane. 

Preferential swelling of the PS matrix in vapour of the selective solvent (1,4-dioxane) induces 

a morphological transition from cylindrical to ellipsoidal as a transient structure to spherical 

microdomains; subsequent solvent evaporation resulted in shrinkage of the matrix in the 

vertical direction, merging the ellipsoidal domains into the perpendicularly aligned cylinders. 

On the other hand, the swelling of the P4VP perpendicular cylinders (C⊥) in chloroform, a 

non-selective solvent vapors leads to the reorientation to in-plane cylinders through a 

disordered state. 
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