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Abstract 

Block copolymer (BCP) thin films are interesting material systems for nanofabrication since 

they can form well-defined periodic nanostructures by microphase separation. However, 

attaining a specific morphology with the required orientation can be challenging. In this study, 

we investigated the morphological behavior of polystyrene-b-poly(N-isopropylacrylamide)-b-

polystyrene (PS-b-PNIPAM-b-PS) BCP thin films by using Atomic Force Microscopy (AFM) 

and in-situ Grazing-Incidence X-ray Scattering (GISAXS) during selective solvent annealing. 

Thin films of a lamellar BCP were annealed by using various solvents with different 

selectivity for the blocks, such as PNIPAM-selective methanol, non-selective tetrahydrofuran 

(THF) and PS-selective toluene. Solvent annealing using methanol: THF 1:2 (v:v) or 

methanol: toluene 1:1 (v:v) resulted in the formation of hexagonally ordered perpendicular 

cylinders, whereas no sustained long-range order was found when only one type of solvent 

was used. PS-b-PNIPAM-b-PS BCP thin films that have hexagonally ordered perpendicular 

cylinders are promising for applications where thermo-responsiveness is desired, such as 

nanofiltration and biomedical applications. 

Keywords: block copolymer self-assembly, selective solvent annealing, hexagonally ordered 

perpendicular cylinders, PS-b-PNIPAM-b-PS block copolymer 
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1. Introduction 

 
Block copolymer (BCP) thin films having a hexagonally ordered cylindrical morphology, 

with the cylinders oriented perpendicular to the substrate, are attractive for many applications 

such as nanoporous membranes [1], pattern transfer [2] and nanolithography [3].  These 

applications often require that the films are well-ordered and maintain perpendicular 

orientation over large areas, which can be obtained by using annealing techniques. The most 

widely used annealing techniques are thermal and solvent annealing. In these techniques, 

either the temperature of the thin film is increased over the glass transition temperature (Tg) of 

the blocks or solvent vapor acts as a plasticizer on the BCP and reduces the Tg of the blocks 

below room temperature which causes an increase in chain mobility. As a consequence, the 

lateral ordering of the BCP microdomains is significantly promoted. Although thermal 

annealing is an effective method to create ordered morphologies [4-11], application of high 

temperatures to BCP thin films may result in the degradation of one or more blocks, causing 

the final morphology to deteriorate [12-20]. This can also bring a loss to the long-range 

ordering of the morphology [16, 17, 21].  

Solvent annealing, does not pose any risk of polymer degradation, is faster [22, 23] and 

introduces structures which are not approachable using thermal annealing [18-20, 24-27]. 

Solvent annealing also offers the possibility to choose solvents selective for one of the blocks 

in the copolymer [19, 26, 28-36]. A selective solvent swells one block more than the other 

block(s) causing an increase in the effective volume fraction of that block during the 

annealing process. In this way, it is possible to shift through the BCP phase diagram to 

different regions which correspond to different morphologies without changing the molecular 

weight or block ratio of the copolymer [20, 23, 37, 38]. Thus, selective solvent annealing is a 

useful approach to achieve non-equilibrium morphologies without the need of more than one 

BCP [35]. For example, Chavis et al. used one poly(2-hydroxyethyl methacrylate)-b-
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poly(methyl methacrylate) (PHEMA-b-PMMA)  BCP to create four different morphologies 

including hexagonally ordered cylinders by using selective solvent annealing [31]. Precise 

control of selective solvents  was also used to shift to different morphologies during annealing 

of polystyrene-b-poly(2-vinylpyridine) (PS-P2VP) BCPs as reported by Park et al. [33]  

An additional interesting feature of using selective solvents is that the orientation of the 

cylindrical morphologies may be modified [26, 36, 38-40]. For PS-b-P4VP BCPs, parallel 

cylinders were obtained using the non-selective solvent chloroform whereas cylinders 

oriented perpendicularly in case of using the PS block selective solvent 1,4-dioxane [38, 39]. 

Brendel et al. showed a perpendicular cylindrical morphology for a semiconductor BCP by 

annealing with a selective solvent which was not possible to attain with thermal annealing 

methods [40]. Similarly, Berezkin et al. reported that a certain selectivity of the annealing 

solvents is necessary for perpendicular orientation of the cylinders while thermal annealing 

was only able to produce parallel cylinders [26].  

In this work, we study the effect of selective solvent annealing on a stimuli-responsive BCP 

system. Stimuli-responsive thin films are used in various applications such as stimuli-

responsive nanoporous membranes [41], chemical sensors for microelectromechanical 

systems (MEMS), drug release systems, actuators in biomedical applications [42, 43], 

nanolithography [44] and cell adhesion [45]. Stimuli-responsive thin films are often prepared 

by grafting a stimuli-responsive polymer to the surface. However, the use of BCPs, containing 

one or more responsive blocks, forms an interesting alternative [43]. 

There exist several solvent annealing studies of BCPs containing pH responsive blocks, 

including polyacrylic acid (PAA) [46], P2VP and P4VP [28, 33, 38, 47-51], and pH and 

temperature dual-responsive blocks, including poly(N,N’-dimethylaminoethylmethacrylate) 

(PDMAEMA) and poly(N,N’-diethylaminoethylmethacrylate) (PDEAEMA) [52]. One of the 
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most widely used thermo-responsive blocks in BCPs is poly(N-isopropylacrylamide) 

(PNIPAM) which has a lower critical solution temperature (LCST) at 32 °C. Thomas et al. 

investigated the morphological  properties of bulk films of protein-PNIPAM BCPs using 

selective solvent annealing [53]. In addition, PS-PNIPAM BCPs were successfully used for 

thermoresponsive nanofiltration purposes [1], cell adhesion and growth studies for biomedical 

applications [54]. However, to the best of our knowledge, there is no systematic study for 

solvent annealing for PS-b-PNIPAM-b-PS BCP thin films using selective solvent systems.  

In our study, we fabricated PS-b-PNIPAM-b-PS BCP thin films which were annealed using 

various selective solvents. The morphologies of the thin films were analyzed using Atomic 

Force Microscopy (AFM) and in-situ Grazing Incidence X-ray Scattering (GISAXS) 

techniques. We show that by solvent annealing in methanol-THF or methanol-toluene solvent 

mixtures, a hexagonally ordered cylindrical morphology, with the cylinders oriented 

perpendicular to the substrate, can be obtained from a lamellar BCP thin film. Having the 

ability to control the order and to maintain the perpendicular orientation of temperature-

responsive BCP thin films is particularly promising for membrane applications.   

2. Experimental Part 

2.1. Materials  

Styrene (Sigma-Aldrich, >99%) was vacuum distilled after stirring overnight over calcium 

hydride. N-isopropylacrylamide (NIPAM, Sigma-Aldrich, 97%) was purified by 

recrystallization from toluene. 2,2′-Azobis(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 

98%) was recrystallized from methanol. Diethylether (Biosolve), methanol (Fisher Scientific), 

tetrahydrofuran (THF), 1,4-dioxane and toluene (Sigma-Aldrich) were used without further 

purification. 
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2.2. Synthesis 

2.2.1. Synthesis of PS macro-RAFT agent: A difunctional RAFT agent S,S’-bis(α,α’-

dimethyl-α’’-acetic acid) trithiocarbonate (BDAT) was synthesized by using the method 

reported by Lai et al. [55] and characterized by 1H NMR and 13C NMR. The synthesis of the 

PS macro-RAFT agent and the copolymer were based on the procedure reported by Nykänen 

et al. [1]. BDAT (0.7mM, 14 mg), freshly distilled styrene (2.2 M, 16 g) and AIBN (0.8mM, 

9.2 mg) were dissolved in 70 mL of 1,4-dioxane by stirring at room temperature. The solution 

was transferred to a Schlenk ampoule by using syringes. After degassing with three successive 

freeze-pump-thaw cycles by using a high vacuum Schlenk line, the solutions were heated to 

70°C with a temperature controlled oil bath. The solution was allowed to polymerize for 48 

hours. The reaction was stopped by cooling the ampoules in liquid nitrogen. The product was 

precipitated twice in cold methanol and dried in a vacuum oven at room temperature 

overnight to give a white-yellowish powder (22% yield). 1H NMR (CDCl3): 6.2-7.1 (Ar-5H), 

1.2-2.4 (3H, PS backbone). GPC: Mn= 57 kDa, PDI = 1.40. 

2.2.2. Synthesis of PS-b-PNIPAM-b-PS copolymers [1]: The PS macro-RAFT agent (3 g, 

1.2mM), NIPAM (6 g, 0.9 M) and AIBN (1.99 mg, 0.206 mM) were dissolved in 60 mL of 

1,4-dioxane. The solution was degassed by three successive freeze-pump-thaw cycles and 

heated in a temperature controlled oil bath to 70oC for 18 h. The reaction was stopped by 

cooling the reaction mixture in liquid nitrogen. 1,4-dioxane was removed with a rotary 

evaporator after which the BCP was dissolved in THF. The BCP was reprecipitated from 

diethyl ether and cold water, respectively. The precipitant obtained from diethyl ether 

precipitation was separated by centrifuging with PTFE centrifuge tubes and decantation. The 

product was separated from the homopolymer PNIPAM by centrifugation (45 min, 5000 rpm) 

three times. The purified copolymer was freeze-dried giving 41% yield. The molar ratio of the 

PS:PNIPAM blocks is equal to 0.90 which was calculated from the NMR data. This 
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corresponds to a PS weight fraction 0.45 and a PS volume fraction (fPS) of 0.44 (using ρPS = 

1.05 g/cm3 [56] and ρPNIPAM = 1.10 g/cm3 [57]). 1H NMR (CDCl3): 6.2-7.1 (Ar-5H), 4.0 (1H, -

NCH-), 0.8-2.5 (3H, PS backbone and 9H, PNIPAM -CH3 and the backbone). GPC: Mn = 

127kDa, PDI = 1.40.  

 

Scheme 1. Synthesis route of PS-b-PNIPAM-b-PS BCP 

2.3. Polymer Characterization 

1H NMR measurements were carried out on a Bruker AMX-400 spectrometer (400 MHz) at 

room temperature. The ratio between PS and PNIPAM blocks in the BCP was determined by 

comparing the integral of the aromatic PS protons at 6.2-7.1 ppm (5H, Ar-H) to the lone 

PNIPAM proton at 4.0 ppm (1H, -NCH). Gel permeation chromatography (GPC) of the 

polymers was carried out by using a set-up consisting of an Agilent Technologies 1200 series 

gel permeation chromatograph (GPC), a PLgel 5 µm Mixed-D column (Mw range 

200−400.000 Da, Polymer Laboratories Ltd.) and an Agilent 1200 differential refractometer. 

The column was calibrated by using PS standards. An amount of 100 µL of each sample was 

injected into the THF eluent at 30 °C and a flow rate of 1 mL/min.  
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2.4. Bulk Film Preparation 

A 3wt% copolymer solution in THF was prepared and stirred overnight for full dissolution. 

The solution was poured into a PTFE beaker. This beaker was transferred to a desiccator, 

containing a beaker full of THF, which forms the desired solvent atmosphere, and solvent 

annealed for 2 weeks. After annealing, the THF beaker was taken out and transferred to a 

vacuum oven where vacuum was applied slowly for 6 hours at room temperature. Then the 

temperature of the vacuum oven was increased stepwise first to 40oC and then to 60oC. The 

beaker was kept under vacuum at 60oC for at least 18 hours. Then cooled to room temperature 

after which the vacuum was released, yielding a solid film without any air bubbles. 

2.5. Thin Film Preparation  

Films were deposited from 2 wt% solutions of copolymer by spin-coating on Si wafers at 

3500 rpm for 15 seconds with a Laurell WS-650MZ-23NPP spin-coater in N2 atmosphere. 

1×1 cm and 2×2 cm sized Si wafers were used for solvent annealing experiments in the 

desiccator and for in-situ GISAXS experiments, respectively. Solvent annealing was stopped 

by fast quenching, which was executed by opening the cap of the desiccator and removing all 

the solvent from the desiccator. Si wafers were pre-treated with piranha solution (attention: 

highly oxidizing!) and stored in a methanol-water solution and rinsed with acetone just before 

use. THF was used as the solvent for the preparation of the solutions for spin-coating unless 

stated otherwise. The thickness of the films was measured with spectroscopic ellipsometry 

(Sentech Instruments GmbH) at an incidence angle of 70° with a wavelength of 632.8 nm and 

was found to be around 100 nm. The spin-coated films that were not used for in-situ GISAXS 

experiments were annealed at room temperature in a desiccator saturated with solvent or with 

a solvent mixture for a certain amount of time.  
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2.6. Atomic Force Microscope (AFM) 

The surface morphology of the films was analyzed with a Bruker Multimode 8 AFM 

instrument using the Nanoscope V ScanAsyst imaging mode. DNP-10 model non-conductive 

silicon nitride probes with a spring constant of 0.24 N/m (Bruker) were used. Images were 

recorded at a frequency of 1.50 Hz and NanoScope Analysis 1.5 software was used for the 

processing of the data. At least three different regions on the same thin film sample were 

probed to assure that the obtained surface morphology was representative for the entire 

sample. 

2.7. Small Angle X-ray Scattering (SAXS) 

Small angle X-ray scattering measurements were performed on a SAXSLAB GANESHA 300 

XL SAXS system equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed 

tube source. The wavelength λ was 1.54 Å at a flux of 1×108 photons/s. A Pilatus 300K 

silicon pixel detector with 487 × 619 pixels and a size of 172 × 172 µm was placed at a 

sample-to-detector distance of 1513 mm. Silver behenate was used for calibration of the beam 

centre and the q-range. The calibrated detector response function was used together with the 

known sample-to-detector distance, measured incident and transmitted beam intensities, to 

bring the two-dimensional SAXS patterns to an absolute intensity scale. The corrected SAXS 

patterns were azimuthally averaged to obtain one dimensional SAXS profiles. SAXSGUI 

v2.13 software was used to analyze the data.  

2.8. Grazing Incidence Small Angle X-ray Scattering (GISAXS)  

In-situ GISAXS experiments were carried out at beamline D1 at the Cornell High Energy 

Synchrotron Source (CHESS) at Cornell University, Ithaca, New York, USA. The wavelength 
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λ was 0.1162 nm and the beam size 0.5 mm × 0.1 mm. A CCD camera with a pixel size of 

46.9 µm was used as detector and placed at a sample-to-detector distance of 1825 mm. The 

sample was placed in a custom-made annealing chamber having a volume of 110 mL. 3 mL of 

solvent was injected into the chamber. Two or three exposures were taken before injection of 

the solvent and every 5 minutes during the annealing process.  The sample was being moved 

to a previously unexposed area after around 10 exposures to avoid beam damage of the 

sample.  The annealing chamber was connected to a flowmeter which was used to control the 

evaporation rate of the solvent inside the chamber [58].  It was equipped with a FilMetrics 

F30 optical spectroscopic reflectometer for monitoring the thickness of the films during the 

annealing process. The spots where the thickness was measured were not exposed to X-rays.  

ProcessGIXS 8 software was used to analyze the data. Error bars in Figure 7 and Figure 10 

were calculated by taking the standard deviation between the second order polynomial fit and 

the raw data of around 20 data points. Since the resulting error bars were smaller than the size 

of the marker on the graph, they were not plotted in the Figures. 

3. Results and Discussion 

In this work, we aim to fabricate PS-b-PNIPAM-b-PS thin films having a cylindrical 

morphology with hexagonal perpendicular alignment by using solvent annealing. We explore 

the effect of several selective solvents and combinations of them on the ordering of the BCP 

thin films. Common laboratory solvents were selected, i.e. THF, methanol and toluene. The 

vapor pressures of all solvents are similar except for toluene, which has a lower vapor 

pressure as shown in Table 1 [59]. Since slow drying of the swollen film will often lead to 

changes in the final morphology of the block copolymer thin film [27], we rapidly quenched 

the films to kinetically trap the morphology [58]. 
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To compare the selectivity of these solvents for the blocks of the copolymer, we calculated 

the Flory interaction parameters (χ) using Hansen solubility parameters. χ parameters were 

calculated using equations 1 and 2 [60]. 

��,� = [��	� − �	��
� + 0.25���� − ����

� + 0.25���� − ����
�] (1) 

 

In equation 1, δD, δP and δH are Hansen solubility parameters for dispersive, polar and 

hydrogen bonding contributions of the two blocks of the BCP, respectively [60, 61]. Subscript 

1 stands for the solvent and 2 stands for the polymer block. 

��� = ���,�/�� (2) 

In equation 2, V, R and T correspond to the molar volume of the solvent, the ideal gas constant 

and the absolute temperature, respectively. The calculated results, given in Table 1, indicate 

that methanol is a better solvent for PNIPAM than for PS, while toluene is a better solvent for 

PS. THF can be considered as a neutral solvent for both blocks. Although some of the 

calculated χ values were significantly higher than experimental values reported in the 

literature, for our experiments it was sufficient to compare the selectivity of the solvents 

between the blocks.  

Table 1. Calculated χ parameters and vapor pressures 

 methanol THF toluene 

χ parameters PS 2.14 0.78 0.74 

 PNIPAM 1.13 0.46 1.21 

Vapor pressure at 25°C (kPa)  16.9 21.6 3.79 
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3.1. Bulk Morphology 

The triblock PS-b-PNIPAM-b-PS copolymer with a total molecular weight of Mn = 127kDa, 

PDI = 1.40 and fPS = 0.44 was successfully synthesized by RAFT polymerization (M. Cetintas 

et al. unpublished results). The bulk morphology of the copolymer was characterized by using 

SAXS and AFM, after solvent annealing of the bulk copolymer film. As shown in Figure 1a, 

the intensity profile of the SAXS data shows a well-defined first-order peak and a higher 

order reflection at a q spacing ratio of 3q*.  The AFM image, shown in Figure 1b, shows a 

lamellar morphology perpendicularly aligned to the surface with an average interlayer 

distance of 59 +/- 2 nm. This interlayer distance is in agreement with the SAXS data from 

which an interlayer distance of 59.3 nm was obtained. In the SAXS traces, no clear second 

order peak at q spacing ratio of 2q* was observed, which can indicate that the lamellae of the 

two blocks are similar in thickness [62]. This is consistent with the almost equal volume 

fractions of the polymer blocks. 
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Figure 1. Bulk film characterization. (a) Intensity profile of the SAXS data. Peak positions as 

expected for a lamellar morphology are indicated. (b) AFM height image. Scale bar = 400 nm.  

3.2. As-spun samples 

Copolymer thin films with a thickness of around 100 nm were prepared by spin-coating from 

PS-b-PNIPAM-b-PS solutions in THF or methanol: THF (2:1 v:v) solvent mixtures. The 

variation in thickness for a set of samples annealed with a particular solvent (mixture) was +/- 

10 nm. Methanol is a more selective solvent for PNIPAM than for PS. THF is almost neutral 

for both blocks. The AFM images in Figure 2 show a disordered micellar morphology for 

both types of solvent systems. The light regions in the images correspond to PS and the dark 

regions correspond to the PNIPAM part of the block copolymer. The micelles can either 
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indicate spheres or perpendicular cylinders. The GISAXS images in Figure SI show a weak 

first-order peak and confirm that there is only short-range ordering in the lateral direction with 

domain spacings of 62.8 nm for THF and 40 nm for methanol/THF. This relatively large 

difference in domain size, may be due to the poor solubility of PS in methanol. Since the 

obtained as-spun morphologies are metastable due to the rapid solvent evaporation during 

spin-coating, collapse of the PS chains in solution may cause a decrease in domain size. Both 

the AFM and the GISAXS data indicate that the methanol-THF solvent mixture slightly 

improved the uniformity of the domains. Therefore, the use of selective solvents improved the 

morphology [51].  

 

Figure 2. AFM topography images of as spun thin films prepared by spin coating solutions of 

the BCP in (a) THF and (b) methanol-THF. Scale bar = 400 nm. 
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3.3. Solvent Annealing 

3.3.1. Solvent annealing with pure solvents 

We solvent annealed as-spun BCP thin films using three different pure solvents: THF, 

methanol and toluene, and studied the morphological behavior using in-situ GISAXS and 

AFM. The GISAXS analysis was performed on films swollen with solvent and AFM analysis 

on quenched dry thin films after solvent annealing. The as-spun morphology for solvent 

annealing was always disordered micellar as shown in Figure 2. In all solvent annealing 

experiments, including with pure solvents and solvent mixtures, there was always an initial 

first order peak in the dry state which immediately disappeared when it came into contact with 

the solvent vapor. The occurrence and disappearance of this initial peak will not be mentioned 

for each system separately. 

Toluene is a good solvent for PS, but a poor solvent for PNIPAM. For toluene, a weak first 

order peak was observed for a short time, after which the film became and stayed disordered 

during the solvent annealing process (Figure 3a). GISAXS images of the integrated plots in 

Figure 3 can be found in Figure SII. While the thickness of the film increased by 50% (from ~ 

100 to 150 nm) there was apparently insufficient plasticization to induce any reordering of the 

BCP domains. The initial weak first order peak may be lost due to a small screening effect by 

the toluene of the non-favorable interactions between the blocks.  
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Figure 3. In-plane GISAXS profiles obtained during solvent annealing in (a) toluene, (b) THF 

and (c) methanol vapor. Polymer fractions for toluene, THF and methanol were 0.84, 0.53 and 

0.37, respectively. Corresponding 2D GISAXS data can be found in Figure SII. 
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For both THF and methanol annealing, a stable and well-defined first order peak was 

obtained, as can be seen in Figure 3b and 3c, respectively. For THF the film could be swollen 

up to 363% relative to its original film thickness, but no higher order peaks were obtained 

during the process. Since THF is an almost non-selective solvent for the PS-PNIPAM system 

increasing the solvent content in the film not only increases the chain mobility but also leads 

to an increased screening of the non-favorable interactions between the blocks. Therefore, the 

lack of higher order may also indicate that the solvent concentration during in-situ GISAXS 

was too high to obtain well-defined morphologies. To complement the swelling data we 

performed separate AFM studies on solvent annealed films that were rapidly quenched by 

removing the samples from the annealing desiccator. According to the AFM images in Figure 

4, after 60 minutes of THF annealing there was almost no change in the morphology of as-

spun samples and after 120 minutes, worm-like micelles were formed. After 240 minutes, 

there was a mixed morphology of parallel lamellae and either parallel cylinders or 

perpendicular lamellae. Although phase transitions could be observed with AFM, none of the 

images showed order over large areas, in agreement with the GISAXS data. 

For solvent annealing with methanol a final film thickness of 171% the original film thickness 

was reached. This value lies between the final thickness of toluene and THF, which is due to a 

combined effect of vapor pressure and solvent quality of the respective solvents. Methanol 

has higher interactions parameters with the polymer blocks than THF and toluene, but toluene 

has a low vapor pressure. At similar conditions (temperature and air flow) the low vapor 

pressure of toluene results in a lower driving force for the toluene to diffuse into the film as 

compared to more volatile solvents. In-situ GISAXS data showed that next to a well-defined 

first order peak, a second order shoulder at 2q* was observed during solvent annealing upon 

reaching a polymer fraction of 0.47. The peak intensities increased until a polymer fraction of 

0.37 was reached at the end of the experiment. The improved order obtained in GISAXS for 
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methanol-annealing as compared to THF-annealing may be explained by the fact that 

methanol is a more selective solvent than THF and the screening effect of non-favorable 

interactions will be less pronounced. The complementary AFM study, as shown in Figure 5, 

only indicated micelles with short-range order even after 2 hours of solvent annealing. 

Apparently, quenching of the methanol swollen films leads to loss of long-range order. 

Figure 4.  AFM images of time dependent solvent annealing using THF. Scale bar = 400 nm 

for 0, 60 and 120 minutes and scale bar = 1µm for 240 minutes. 
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Figure 5.  AFM images of time dependent solvent annealing with methanol. Scale bar = 1µm 

for 0 minutes and scale bar = 400 nm for 120 minutes. 

3.3.2. Solvent annealing with selective solvent mixtures 

After establishing that no sustained long-range order was found by using pure solvents, we 

continued with selective solvent mixtures.  

3.3.2.1. Methanol-THF: 

Figure 6a shows a series of in-plane GISAXS profiles that were collected during annealing of 

a BCP thin film using a 1:2 (v:v) methanol-THF mixture. The corresponding 2D GISAXS 

image for a polymer fraction of 0.44 is given in Figure 6b and the rest of the 2D images are 

given in Figure SIII. During the annealing process the thickness of the film was monitored 

and Figure 7 shows the domain spacing as a function of the polymer volume fraction φBCP. 
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The polymer volume fraction is determined by the ratio of the dry polymer film thickness, t0, 

over the swollen film thickness, t: 

φ
���

=
��

�
 (3) 

Similar as with the pure solvent systems, the as-spun morphology for solvent annealing was 

always disordered micellar. Upon swelling of the film the first order peak was initially lost.  A 

well-defined first order peak, corresponding to a domain spacing of 55.1 nm, reappeared 

when the films started to show significant reorganization at a polymer fraction of 0.66. Higher 

order reflections at q spacing ratios of √3q* and √7q* started to become visible after reaching 

a polymer fraction of 0.48 and after the domain spacing had shifted to 57.1 nm. This profile is 

consistent with hexagonally ordered perpendicular cylinders. The peaks sharpened and 

intensified upon further swelling (from a polymer fraction of 0.46 to 0.44) and the 

perpendicular orientation of the cylinders was maintained. Due to the selectivity of methanol 

for PNIPAM it is expected that the PNIPAM forms the majority matrix phase surrounding PS 

perpendicular cylinders. During the annealing process the thickness of the film increased by 

123% (reaching a polymer volume fraction of 0.44) and the domain spacing started at 55.1 

and shifted to 69.8 nm.  
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Figure 6. (a) In-plane GISAXS profiles collected during annealing of a BCP thin film using a 

1: 2 (v: v) methanol-THF mixture. Polymer volume fractions are indicated next to the 

profiles. (b) Corresponding 2D GISAXS images for a polymer fraction of 0.44. The red box 

indicates the integrated area. 

The domain spacing did not constantly increase with polymer fraction, as is indicated in 

Figure 7. An increasing domain spacing is indicated by green data points and a decrease by 

red data points. An increase in domain spacing indicates that the film is simply taking up 
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more solvent, whereas a decrease in domain spacing (despite the solvent-uptake) usually 

results from relaxation of the BCP chain at the interface due to the increase in screening of the 

non-favorable interactions. 

 

Figure 7. Domain spacing as a function of the polymer volume fraction for methanol:THF 1:2 

(v:v) solvent annealing Green data points indicate an increasing trend in d-spacing and red 

data points a decreasing d-spacing. Error bars are smaller than the size of the markers and are 

therefore not shown in the graph. 

The GISAXS study was again combined with a separate AFM study. Figure 8 shows that 

disordered micelles started to gain some mobility after 20 minutes of solvent annealing. 

Ordering improved after 40 minutes and after 70 minutes of solvent annealing, well-defined 

hexagonally ordered perpendicular cylinders were observed. Upon further increase of the 

solvent annealing time, it was observed that cylinders tend to align parallel to the substrate. 

After 120 minutes of solvent annealing, all cylinders showed a parallel alignment. These 

observations that hexagonally ordered perpendicular cylinders are obtained for short 

annealing times and cylinders start to align parallel after longer annealing times are in 

agreement with several reports in the literature [2, 63] However, no change in orientation of 

the cylinders was observed during the in-situ GISAXS experiments.  
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Figure 8. AFM images of time dependent solvent annealing using methanol: THF 1:2 (v:v) 

solvent mixture. Scale bar= 600 nm. 

In addition to varying the annealing time, we also changed the methanol-THF volume ratio 

and studied the morphological behaviour with AFM after annealing in the vapour of 1:1 and 

2:1 (v:v) solvent mixtures (see Figure SIV). Upon increasing the amount of methanol in the 

solvent mixture from 1: 2 (Figure 8) to 1: 1 (Figure SIV) the morphological rearrangements 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

23 

 

occurred after a longer annealing time. Whereas for the 1: 1 volume ratio, small grains with 

hexagonally ordered perpendicular cylinders were obtained, for the 2: 1 volume ratio no long-

range ordering was observed. The delayed rearrangement of the BCP chains is consistent with 

the data of Park et al. where the presence of a poor solvent was also found to increase the 

annealing time before well-ordered nanostructures were obtained [29]. The reduction in 

ordering is attributed to the poor solubility of PS in methanol, resulting in a lower mobility of 

the chains.  

3.3.2.2. Methanol-toluene: 

Solvent annealing using methanol-toluene mixtures is expected to be considerably different 

from the use of methanol-THF mixtures, since both solvents are selective. As shown in Table 

1, toluene and methanol are selective for PS and PNIPAM, respectively. The volume ratio of 

methanol: toluene solvent mixture that we used was 1:1.   

In-situ GISAXS analysis of the annealing process, presented by in-plane profiles in Figure 9a, 

showed the reappearance of a broad first-order peak after an initial disappearance at the start 

of the annealing process. The corresponding 2D GISAXS images for a polymer fraction of 

0.50 and 0.22 are given in Figure 9b and 9c and the rest of the 2D images are given in Figure 

SV. The first-order peak reappeared at a polymer volume fraction of 0.55. A sharpening of the 

first-order peak and broad higher order reflections at q spacing ratios of √3q* and √7q* 

started to become visible when the polymer volume fraction was 0.50. This profile is 

consistent with hexagonally ordered perpendicular cylinders. However, close inspection of the 

2D GISAXS images revealed that the order and orientation of the cylinders did not reach the 

same level as for methanol-THF annealing. In addition, we noted differences in the 2D 

GISAXS images in the qz-direction at polymer volume ratios of 0.50 and 0.22 (Figure 9b and 

9c, respectively). The vertical stripes in the 2D GISAXS image of Figure 9b were found to be 
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more curved than those of Figure 9c which is an indication that the orientation of the 

cylinders is not fully perpendicular to the substrate [34].  

A surprising feature was the fact that although the polymer volume fraction decreased to 0.22 

during the annealing process, the domain spacing of the film did not change significantly and 

stayed 60.4 nm during the entire solvent annealing procedure, as shown in Figure 10.  

Moreover, at a polymer volume fraction of 0.49 the higher order reflections disappeared and 

during the course of solvent annealing these peaks reappeared at their original positions at a 

polymer volume fraction of 0.24. The disappearance and reappearance of the peaks in the 

GISAXS profiles may indicate that the system was passed through the order-disorder 

transition into the disordered state, after which it returned to the ordered state. However, since 

the solvent concentrations did not decrease during the course of these events, reappearance of 

the order can only occur if the solvent mixture volume ratio in the film was altered. This may 

occur, because vapor pressure and solvent quality differences may result in solvent 

composition variations within the film. At short annealing times, at a polymer volume fraction 

of 0.50 (see Figure 10), the film will be rich in methanol and will create a more selective 

environment for PNIPAM, resulting in PS cylinders surrounded by a PNIPAM matrix. At a 

polymer volume fraction of 0.49, the higher order peaks disappeared in GISAXS, which 

indicates that the system rearranged and long-range order was lost. When the polymer volume 

fraction decreased to 0.24 the ratio of methanol-toluene vapor changed in favor of toluene. 

We attribute this to the outlet of the solvent chamber, through which more of the solvent with 

the higher volatility, i.e. methanol, will leave the system. At this point, the amount of toluene 

in the film may have dominated the amount of methanol, causing the PS domains to swell and 

the PNIPAM domains to shrink their volume. In the presence of a solvent fraction of 0.76, the 

effective volume fraction of PS domains (including the PS selective solvent) can be as large 

as 0.85, for which the inverse cylindrical morphology, consisting of PNIPAM cylinders 
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within a PS matrix, is expected to be the most stable morphology. This would mean that the 

morphology is inverted without a change in domain spacing.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 

 

Figure 9. (a) In-plane GISAXS profiles collected during annealing of a BCP thin film using a 

1: 1 (v: v) methanol-toluene mixture. Polymer volume fractions are indicated next to the 

profiles. Corresponding 2D GISAXS images for a polymer volume fraction of (b) 0.50 and (c) 

0.22. The red box indicates the integrated area. 

 

Figure 10. Domain spacing as a function of the polymer volume fraction for methanol: 

toluene 1:1 (v:v) solvent annealing. The appearance and the disappearance of the higher order 

peaks are indicated with arrows.  Error bars are smaller than the size of the markers and are 

therefore not shown in the graph. 

The AFM study of quenched morphologies after annealing in the vapor of a 1: 1 (v: v) 

methanol: toluene mixture is shown in Figure 11. After 40 minutes the micelles started to 

become mobile.  Between 40 and 60 minutes of annealing, a cylindrical morphology was 

formed with no preferred orientation of the cylinders and only short-range order. After 90 

minutes of solvent annealing, however, the cylindrical morphology seemed inverted. As 

explained above for the GISAXS study this may occur, because vapor pressure and solvent 

quality differences give rise to solvent composition variations within the films. Even though 

perpendicular cylinder formation was observed both in GISAXS and in AFM for the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 

 

methanol-toluene solvent annealing system, the ordering did not reach the same level as for 

methanol-THF solvent annealing. 

  

Figure 11. AFM images of time dependent solvent annealing using methanol: toluene 1:1 (v: 

v) solvent mixture. Scale bar= 600 nm. 

4. Conclusions 

We studied the morphological behavior of PS-b-PNIPAM-b-PS BCP thin films upon solvent 

annealing using selective solvents by means of in-situ GISAXS and AFM. The influence of 

solvent type, solvent ratio and annealing time were investigated. PS-b-PNIPAM-b-PS was 

found to form hexagonally ordered perpendicular cylinders, when annealed with selective 

solvent mixtures of methanol-THF and methanol-toluene. However, solvent annealing with 

methanol-THF resulted in a higher degree of order than with methanol-toluene. This 
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morphology could not be obtained when only one type of solvent was used, showing the 

importance of using selective solvents for direct tuning to a specific morphology. PS-b-

PNIPAM-b-PS BCPs hexagonally ordered perpendicular cylinders may find use in BCP thin 

film applications where thermo-responsiveness is required, such as MEMS, biomedical and 

nanoporous membrane applications. 
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HIGHLIGHTS 

• A systematic solvent annealing study of PS-b-PNIPAM-b-PS block copolymer thin 

films is presented using selective solvents including methanol, tetrahydrofuran and 

toluene. 

• A hexagonally ordered cylindrical morphology, with the cylinders oriented 

perpendicular to the substrate, is obtained from a lamellar forming block copolymer by 

annealing with selective solvent mixtures, whereas mainly short range ordering is 

obtained when only one solvent was used. 

• Lamellar, hexagonally ordered perpendicular and parallel cylindrical morphologies are 

accessible using one block copolymer of a certain molecular weight and block ratio by 

tuning the solvent selectivity, solvent ratio and annealing time. 

 


