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Abstract 

We investigated the dynamics and morphology of dewetting of metastable 

polystyrene films (thickness 75 - 500 nm) cast on silicon substrates, upon exposure to 

vapors of a mixture of toluene, a good solvent, and ethanol, a non-solvent. Adding 

more than 2% weight ethanol to the saturated toluene environment resulted in a 

dramatic increase in dewetting rate, an increase in the contact angle of polymer 

droplets and hole rims on the substrate, and to extensive fingering leading to droplet 

shedding. Films pre-annealed close to Tg before exposure to the solvent vapors 

showed markedly slower dewetting. We conclude that, in the presence of a good/non- 

solvent mixture, the polymer chains transition to a globule conformation, which leads 

to larger interfacial slip, lower viscosity, and significant elastic stress. The slip length 

derived in the presence of ethanol vapor is close to the values obtained for polystyrene 

on hydrophobised silicon. As the dewetting process is so significantly boosted by 

exposure to mixed toluene/ethanol vapors, polystyrene films as thick as 520 nm could 

be dewetted.  

Introduction 

The dewetting of thin polymer films from a solid substrate has been studied 

extensively over the past three decades,
1-7

 and has interesting applications in surface 
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patterning.
8, 9

 Our group has demonstrated applications of polymer dewetted patterns 

in protein and cell patterning
10-12

 and in atmospheric water capture.
13

 

In most unstable and metastable polymer liquid films (thickness < 100 nm) 

dewetting occurs by nucleation of holes at random locations, whereby the substrate is 

exposed and the polymer removed accumulates in a rim around each hole.
14

 With time 

the holes grow in diameter, the rims of neighboring holes coalesce into liquid 

cylinders, and finally into isolated droplets of the polymer on the substrate. Dewetted 

holes have often circular shape and regular rims, but, in cases where interfacial slip is 

strong, undulations of the rim shape lead to fingering and droplet shedding.
7, 15-21

 One 

of the main causes of dewetting is the unfavorable interfacial interactions of the liquid 

film at the solid surface. For example, one proposed form of the interfacial potential 

Φ(h), Equation 1, includes the effects of short-range forces (first term) and long-range 

van der Waals forces (two following terms) for polystyrene films of thickness h on 

top of silicon substrates coated with silicon oxide of thickness d, with Hamaker 

constants ASi (negative) and ASiO (positive).
14

 In the case of a thick oxide layer 

(thickness d of 200 nm), this expression correctly predicts a van der Waals attraction 

which promotes film dewetting. 

��ℎ� = �
�� −


��

����� +


��
�
��
���������																									  (1) 

 

 When polar interactions are important, i.e. when either the film or the fluid 

environment in which it is immersed are polar, polar attractions also contribute to 

increasing the driving force for film dewetting.
22, 23

 The polar contribution often takes 

the form ��	��� �− �
��,	 where Sp is the polar component of spreading coefficient, and 

l is a correlation length. 

In the past 10 years there has been increased understanding of another 

important driving force for dewetting, the chain equilibration process in thin films.
24-

31
 Spin-coating induces strongly out-of-equilibrium conformations of the chains and 

low entanglement density due to the fast evaporation of the solvent. This leads to 

residual elastic stresses that relax upon annealing, and drastically affect dewetting 

rate,
27-29

 entanglement density and viscosity,
32

 and thermal expansion.
25, 33-35

 

Although annealing of polymer films by exposure to solvent vapors of different 

quality has been explored before,
33-40

 there has not been a systematic study of how 
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4 

 

solvent quality affects dewetting, and in particular the elastic forces within the 

polymer film.  

Here we have observed the effect of gradually changing the quality of the 

solvent used for annealing polystyrene (PS) films of thickness 75 - 500 nm on top of 

silicon wafers with a native (1.8 nm thick) oxide layer, a system that thermally does 

not dewet, as the van der Waals driving force in Eq. (1) is weak in this system. The 

films dewetted very slowly in a good solvent (toluene) vapor, where the PS chains 

assume a loose, open coil conformation.
41, 42 

  However, the PS films dewetted readily 

in a mixture of the vapor of a good solvent (toluene) and a non-solvent (ethanol), and 

the results highlight the role of elastic recoiling forces. In pure ethanol the PS chains 

are completely insoluble and hardly even swell, assuming a compact globule 

conformation through volume interactions,
43

 but in mixtures of toluene and ethanol 

the chain behavior is more complicated and somewhat paradoxical.
44, 45

 The 

preferential adsorption of the toluene in the vapor mixture leads to a strong collapse of 

the chains, so that, compared to the pure good solvent case, an overall shrinking of the 

polymer chains is observed. Although this behavior has been predicted by Monte-

Carlo calculations in pioneering work by Magda et al.,
45

 and observed in scattering 

experiments in dilute regimes,
42, 43, 46

 or on brushes,
47

 this is the first demonstration of 

how thoroughly the addition of the non-solvent affects dewetting morphology, 

dewetting rate, and dewetting mechanism.  

Experimental 

Polystyrene films of thickness 75 – 100 nm (PS96k, Mw = 96 kg/mol, Mw/Mn = 

1.01, Polymer Standards Service) were spin-coated (20 - 30 mg/mL in toluene, 

Laurell Technologies) on prime grade silicon wafers coated with a native oxide layer 

(1.8 ± 0.2 nm thick, MMRC Pty. Ltd., Australia). To induce dewetting, the PS films 

were placed in a saturated vapor environment of mixtures of toluene and ethanol, 

varying the weight ratio of the solvents in the liquid phase, in a custom-designed 

Teflon cell (Figure 1), which allows for in situ observation of dewetting by optical 

microscopy (Nikon Eclipse LV150). Thicker films (thickness 100 - 500 nm) were 

prepared by dip coating (KSV, NIMA) the wafers in a PS192k solution (Mw = 192 

kg/mol, Sigma Aldrich, 26 – 61 mg/mL in toluene, lowered at 100 mm/min).  
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Prior to film preparation, the silicon wafers were thoroughly cleaned by 

sonication in ethanol and acetone, blow dried in pure nitrogen, then exposed to a CO2 

snow jet gun to remove particulate contaminants (Applied Surface Technologies, NJ, 

USA), and air plasma for 1 min (Harrick Plasma, Itacha NY, model PDC-002). 

Spectroscopic ellipsometry (J.A. Woollam Co. Inc., M2000V) and x-ray 

reflectometry (Panalytical X'Pert Pro, operating at 8.048 keV) were used to establish 

film thickness, with measurements over three points on each sample. Atomic force 

microscopy (AFM, Bruker, Multimode 8) was used to characterize hole morphology 

and to measure the contact angle of the isolated PS droplets on the substrate at the end 

of dewetting. The quality of the solvents for PS was estimated using Hansen 

Solubility Parameters (Table S1, Supporting Information). 

 

Figure 1: Schematic diagram of the Teflon cell used to observe in situ the dewetting of polystyrene 

films by solvent vapors. The Teflon cell has a port open to the atmosphere to allow solvent injection 

and pressure equilibration. A microscope cover lens is situated above the sample for observation using 

optical microscopy.  

Results  

The Hansen solubility parameters
48

 for the solvent/PS used in this study are 

listed in Table S1 in Supporting Information, SI. Table S1 indicates that toluene is a 

good solvent for polystyrene, whereas ethanol is a non-solvent. Toluene and ethanol 

are entirely miscible and were mixed in the liquid phase inside the custom-designed 

Teflon chamber depicted in Figure 1 in different weight proportions (99:1, 95:5, 

90:10, 85:15, 60:40, and 40:60 wt. toluene/ethanol). The mole fraction of each 

component in the vapor phase is known,
49

 and shown in Table S2 in SI. However, for 

clarity, from now on we will refer directly to the weight composition of the liquid 

mixture. 

As shown in Figure S1 in SI, thermal annealing of the prepared PS96k films at 

180 °C (above the Tg = 100 °C for bulk PS)
50

 for long periods of time (> 65 h) 

increased the surface roughness, but did not initiate film dewetting from the substrate, 

due to the small van der Waals driving force.
14
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Upon exposure to the solvent vapor environment, the PS96k films 

immediately changed color due to swelling. X-ray reflectometry data, Figure 2, 

showed that a 78 ± 0.5 nm PS96k film swelled to 109 nm in the saturated toluene 

vapor (a thickness increase of 31 nm, 40% of the initial thickness). Using the 

empirical rule that 1% of toluene lowers the Tg by 5 °C,
51

 the increase in chain 

mobility was dramatic, leading to a Tg below room temperature. In contrast, upon 

exposure to vapors of a 30:70 (w/w) toluene/ethanol mixture, the swelling of the PS 

film was only 20 nm, 65% of the value obtained in pure toluene. The swelling of the 

same film in pure ethanol vapor was just 3 nm. This information will be used later to 

explain the observed dewetting behavior. 

 

Figure 2 (a) X-ray reflectivity profiles from solvent swollen PS96k films. Experimental data (empty 

circles) and fits (lines) are shown. From top to bottom the lines correspond to: as prepared (dry) PS 

film (orange), film annealed on 100% ethanol (blue), film annealed in 100% toluene (green), and 

annealed in 70:30 toluene/ethanol (black). (b) Corresponding scattering length density (SLD) profiles. 

 

Overview on the effect of annealing in good/non-solvent vapor mixture 

Annealing the PS96k films in pure toluene resulted in a very slow dewetting process, 

as expected due to the small van der Waals driving force
14

 (Figures 3a-d): few holes 

nucleated and grew slowly, reaching the size of 100 µm after two hours of toluene 

vapor annealing. Complete dewetting into isolated droplets occurred only after 3 days 

Page 6 of 33

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

 

of annealing. The nucleated holes had irregular shape, and jagged hole rims, that led 

to irregular, wide fingers, which did not develop into droplets. In comparison, thermal 

dewetting of the same PS films on an underlying P4VP film led to regular, circular 

holes (data now shown). 

The addition of the saturated vapors of ethanol to the annealing environment 

resulted in much faster dewetting of the PS96k films. In 85:15 toluene/ethanol 

mixture, the PS96k film dewetted completely within 10 minutes (Figures 3(e-h)). 

Upon addition of more than 1% (w/w) ethanol, the hole rims became unstable in all 

cases, leading to numerous and regular fingers, which pinched off and shed numerous 

droplets inside the growing hole (Figure 3). In contrast, in the case of pure toluene 

annealing, isolated polymer droplets were only formed upon coalescence of adjacent 

holes, and the droplets were found not inside the holes, but on lines of coalescence of 

neighboring holes. 

 

Figure 3: Representative optical micrographs of in situ annealing of PS 96k thin films (75 ± 0.8 nm), at 

room temperature (23 ± 1 °C), (a-d) dewetting in the saturated vapor of toluene; and (e-h) in a mixture 

of 85:15 (w/w) toluene and ethanol vapor. Time stamps indicate time since start of vapor annealing. 

Scale bars = 100 µm. 

Rim morphology 

The morphology of rims around dewetted holes was strikingly dependent on 

annealing solvent, as shown in Figure 4, which compares two hole rims of similar 

width ≈ 40 µm, formed in pure toluene (part a) and in 80:20 (w/w) toluene/ethanol 

mixture (b). The rim obtained in pure toluene was low and wide, with low contact 

angle of 2° - 4° on top of the silicon wafer (Figure 4c; also discussed later in Table 1); 

the hole at this stage was still round and regular in shape, with minimal fingering, and 
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8 

 

the rim width w increased slowly (Figure S2), and linearly with increasing hole 

radius, w∝ 0.33 r (Figure 4d, blue diamonds).  

Upon the addition of 5% wt. (or greater) ethanol, the rim grew much faster 

(Figure S2), reaching a much higher aspect ratio (six times greater height for a rim of 

similar width, approximately 1200 nm versus 200 nm in pure toluene, Figures 4b and 

c) and higher contact angle (9° - 14°). From a width of less than 8 µm the rim 

developed periodic undulations along the circumference, with some portions 

becoming thicker and elongated (cross section i, Figure 4c), and some portions 

becoming thinner and narrower (cross section ii, Figure 4c). The thick elongated 

portions formed fingers, which repeatedly formed a neck and broke up into droplets. 

The average rim width (averaged over the whole circumference) followed a linear 

growth with hole radius, w ∝ 0.04 r (Figure 4d, green triangles). The labels I, II, and 

III on the data for the 95:5 and 99:1 wt. mixtures correspond to the optical 

micrographs in  Figure 6c, which identify the first captured dewetted hole (I), the 

stage when the rim is well established (II), and the stage when undulations (for the 

99:1 case) or fingering (for the 95:5 case) were well established (III).  

The observation of large undulations of the rim width are indicative of a 

dewetting mechanism dominated by interfacial slip of the melt at the solid substrate.
19

 

Upon addition of ethanol in the annealing atmosphere, ethanol molecules likely 

adsorbed to the silicon oxide substrate, increasing the interfacial slip of the PS on top 

of the ethanol layer. This effect was clear at 5% wt ethanol, but already observable at 

a reduced level at 1% wt. ethanol: the undulations in the rim width became more 

frequent than those observed in pure toluene (see micrographs in Figure 6c). For both 

90:10 and 60:40 wt. toluene/ethanol proportions, the rim width was similar and 

reached an averaged constant value at early stages. Figure S2 shows the same rim 

width data as in Figure 4 plotted against time, and highlights how much faster the 

maturation of the rim became in the presence of ethanol. 
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9 

 

 

Figure 4: AFM micrographs of the rim surrounding a hole in PS96k films (154.8 ± 0.7 nm thick) 

annealed in saturated (a) toluene vapor, height scale 400 nm; (b) 80:20 (w/w) toluene/ethanol mixture, 

height scale 1400 nm, scale bars 20 µm. (c) AFM cross-sections of hole rims, showing the receding 

contact angle (error ± 2°) of the rims on the substrate (dashed line for toluene, solid line for 

toluene/ethanol); sections i – iii were taken along the lines indicated in part (b). (d) Hole rim width 

versus hole radius for PS96k films (75 ± 0.8 nm) annealed in saturated toluene (blue diamonds), 99:1 

(red squares), 95:5 (green triangles), 90:10 (blue circles) and 60:40 (purple crosses)  (w/w) 

toluene/ethanol mixtures. Roman numerals refer to the micrograph sequences for 99:1 and 95:5 in 

Figure 6c. The standard deviation in the data points is smaller than the size of the symbols. 

 

Droplet morphology  

The PS droplets found on the silicon substrate at the end of dewetting in pure toluene 

vapors were irregular in shape, appearing pinned to the substrate (Figure 5a), while 

they were nicely round and regular upon addition of 15 % wt. ethanol (Figure 5b). 

Page 9 of 33

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10 

 

The contact angle, distribution density and diameter of the PS droplets measured from 

optical micrographs are shown in Table 1. The PS droplets produced from rim 

instabilities with 15% wt. ethanol vapor present were much smaller than those in pure 

toluene (average 13 µm compared with 21 µm), and more numerous (746 mm
-2

 

compared with 50 mm
-2

). The contact angle of PS droplets on the silicon substrate 

was higher (25° ± 2°) when the films were annealed in the presence of 15% wt. 

ethanol, compared to the pure toluene vapors (4° ± 2°, Figure 5c, and Table 1). 

Adding 15% ethanol into the annealing vapor decreased the spreading parameter of 

PS on the substrate by one order of magnitude compared to annealing thermally and 

in pure toluene (Table 1). This effect can be explained with the polar interactions 

between ethanol and silicon oxide, which reduced the spreading of PS, and increased 

its dewetting rate. 

    

 

Figure 5: Optical micrographs of isolated PS96k droplets after completely dewetting 97 ± 1 nm thin 

polystyrene films at room temperature (23 ± 1 °C) in (a) saturated toluene vapors. Scale bar = 100 µm; 

(b) 85: 15 (w/w) toluene/ethanol mixture. Scale bar = 20 µm. (c) Ex situ AFM cross sections of PS96k 

droplets dewetted under toluene annealing (broken line), and 85:15 (w/w) toluene/ethanol mixture 

annealing (solid line), with indicated contact angle.  
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Table 1: Contact angle, diameter, deviation from the mean diameter, and distribution density of the 

isolated PS96k droplets after annealing a 97 nm thick films in solvent vapors. The spreading parameter 

is calculated from S = γPS cos(θ – 1), where  γ is the surface tension of PS (41 mN/m at 20 °C)
52

  and θ 

is the contact angle of PS droplets on silicon oxide/ silicon substrates. 

Annealing procedure 
Contact 

angle (°) 

Droplet 

diameter 

(µm) 

Deviation 

from mean 

diameter 

(µm) 

Droplet density 

(mm-2) 

Spreading 

parameter 

(mN/m) 

Thermal above Tg 7.5 ± 5 a - - - -0.35 

Toluene vapor 4 ± 1 21 ± 2 25 50 -0.10 

85:15 (w/w) toluene/ethanol 

vapors 
25 ± 2 13 ± 1 3 746 

-3.8 

a
 Literature value obtained by dewetting thermally a PS film on a 200 nm thick silicon oxide layer on 

silicon.
53

 

Dewetting rate 

It is obvious from Figure 6 that film dewetting became much faster upon 

addition of ethanol vapor to toluene vapor. The dewetting rate reached a maximum at 

15% wt. ethanol, and decreased again at values higher than 15% wt., until no 

dewetting was observed in pure ethanol vapor (inset of Figure 6a).
54

  

Figures 6a and 6b illustrate the growth of the diameter of the dewetted holes, 

D, versus time, t, and the dewetting velocity versus hole radius, respectively, until 

hole coalescence or until the holes grew outside the frame. In all annealing conditions, 

in the early stage D ∝ t 
2/3 ± 0.1

, characteristic of a regime where interfacial slip of the 

polymer at the solid surface is the dominating mechanism.
16, 55

 In a later stage, D ∝ t
1 

± 0.1
, characteristic of a regime where dissipation takes place mainly by viscous flow 

within the rim. The transition between these two regimes is clearly visible in Figure 

6a for the pure toluene case (blue diamonds with dashed line and solid line fit) and the 

99:1 toluene/ethanol case (red squares with line), while it cannot be appreciated for 

the 95:5 and 40:60 case, as it occurs at shorter times and smaller hole radius. This 

transition between slip and viscous dissipation is well known for polymer thin films 

dewetting.
16, 17, 55

 It is expected that in the case of interfacial slip the frictional forces 

are proportional to the size of the moving rim, so that when a critical rim size is 

reached, interfacial slip becomes a minor contributor to dewetting, and the dewetting 

rate becomes dominated by the viscous dissipation within the rim.
17

 From the 
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characteristic time of this transition, an estimate of the slip length and reptation times 

can be derived, as shown in the Discussion Section below (Table 2).  

The change in rim width over time (Figure 4d) can be matched up with the 

change in dewetting velocity (Figure 6b), and the appearance of rim undulations 

(Figure 6c). For the 99:1 wt. toluene/ethanol case, the dewetting rate decreased 

steadily in the initial stages (stages I - II), while the rim width was still growing, and 

undulations in the transverse direction were starting to grow (Figure 6c). Once the rim 

width growth slowed down and the undulations in rim width reached a steady state 

(stage III), the dewetting rate also reached a constant value (v ≈ 0.02 µm/s at a hole 

radius of 160 µm, stage III), corresponding to the transition from a slip regime to 

dynamics dominated by viscous dissipation.
16

  

In the 95:5 wt. toluene/ethanol case, the dewetting velocity initially grew with 

time while the hole was opening up (up to stage I) and fingering was developing 

(stages II), and then reached an average constant value in correspondence to the stage 

where fingering and droplet shedding also reached an established steady state (stage 

III).
56

 This correspondence between rim width growth and dewetting rate is also 

clearly illustrated in Figures S4 – S6. 
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Figure 6: (a) Hole growth rate during dewetting of a 74.2 ± 0.8 nm thick PS96k film on a silicon 

substrate. The data is fitted by a power law D ∝ t
2/3

 at short times, and then as D ∝ t at later times. 

Inset: dewetting rate as a function of toluene content in the annealing solvent mixture. (b) Evolution of 

the dewetting velocity of the PS film when annealed in 99:1 (w/w) toluene/ethanol (red squares) and 

95:5 (w/w) toluene/ethanol vapor (green triangles). (c) Optical micrographs of dewetted holes at three 

successive stages indicated in the text. Scale bars = 20 µm.   
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Dewetting thick polymer films 

To further demonstrate the strong drive for dewetting with toluene/ethanol mixtures, 

we annealed increasingly thicker films of a higher molecular weight polymer, 

PS192k, in the vapor mixture of 85:15 wt. toluene/ethanol. Strikingly, films of 

thickness from 100 nm to over 500 nm, very thick compared to expected range of 

action of interfacial forces ( < 100 nm), could be easily dewetted this way. Similar 

fingering behavior was observed as with thinner films (Figure 7a - d). As expected, 

droplet diameter increased with increasing film thickness, and droplets as large as 250 

µm were produced (Figure 7e), with the density distribution of droplets decreasing 

accordingly. Dewetting rate decreased with increasing film thickness (Figure 7f), as 

expected, but still maintaining high values compared to the negligible dewetting that 

would occur in pure toluene. 

 

 

 

Figure 7: (a) – (d) Optical micrographs illustrating the dewetting of thick PS192k films (335 nm thick) 

in a mixture of 85:15 (w/w) toluene/ethanol, at room temperature (23 ± 1 °C), for the indicated times. 

Scale bars = 200 µm. (e) Average PS192k droplet diameter (red diamonds) and droplet distribution 

(blue squares) as a function of film thickness (lines are to guide the eye); (f) hole growth rate as a 

function of film thickness.  Rate data was not collected for the 520 nm thick films as dewetting 

proceeded over a period of five days. 

Reducing residual stress 

Thermally annealing polymer films for extended periods of time at temperatures 

below Tg is known to reduce the elastic stress within the film, and lead to a decrease 

in hole nucleation density.
28, 33

 Here, a PS96k film (75 nm thick) was thermally pre-

annealed at 105 °C for 72 h (just above the bulk Tg of PS) prior to annealing in a 

saturated environment of 80:20 wt. toluene/ethanol mixture (Figures 8a-c). The 

dewetting morphology and rate were compared with the dewetting of an untreated 
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film of the same thickness and molecular weight (Figures 8d-f). The holes in the 

thermally pre-treated film grew with a constant velocity that was approximately two 

orders of magnitude lower than that for untreated films (Figures 8g-h). These findings 

confirm earlier results that residual elastic stresses stored in the films provide an 

additional driving force for dewetting, and that when films are pre-equilibrated above 

Tg, these stresses may relax and the hole growth slows down. In these pre-equilibrated 

films the dewetting rates are still much larger than in pure toluene, so we can 

conclude that the additional elastic stress specifically due to the exposure to a 

good/non-solvent mixture contributes substantially to the dewetting forces. 

 

Figure 8: Thin PS96k film (76 ± 2 nm thick) annealed in the saturated vapor of 80:20 (w/w) toluene – 

ethanol mixture. (a-c) Film was solvent annealed as cast. (d-f) Film was thermally aged at 105°C for 72 

h to reduce internal stress prior to annealing. Scale bars = 200 µm. Hole diameter as a function of 

annealing time of the (g) as cast, and (h) thermally pre-annealed films. 

Discussion 

By collating all of the presented results, we can rationalize the effect of adding a small 

amount of ethanol to a toluene annealing environment for PS films. The investigated 

PS films did not dewet when annealed thermally and dewetted very slowly when 

exposed to pure toluene, but dewetted readily when even a small amount (2%) of 

ethanol was added. Our main conclusion is that annealing polystyrene films in 

good/non-solvent mixtures led to much stronger elastic recoiling forces than those 

usually observed when thermally annealing spin-cast films. This conclusion is 

substantiated in a few points below. 
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Rim morphology and dewetted droplet shape – The low contact angle of 

dewetted droplets and the shallow and wide rims obtained in pure toluene (Figure 4a) 

are a consequence of the conformation of the PS chains, which take on a loose, open 

coil confirmation, retained and locked-in even after the toluene vapor evaporates. The 

higher contact angle and the narrower and taller rims obtained when a small quantity 

of ethanol (1%) was added to the system are a consequence of the PS chains retracting 

into a compact globule conformation, as a result of the preferential adsorption of 

toluene in the vapor mixture. This peculiar situation could be thought of as an ‘onion-

like’ structure: a core in which toluene molecules swell the PS chains, bridging 

together different chain segments, surrounded by an outer shell of ethanol, which 

ultimately drives the chain compaction (Figure 9). Our macro- and microscale 

observations are a consequence of the change in conformation of the polymer chains 

in the different solvents. To our knowledge, this is the first time that the collapse of 

the chains due to preferential adsorption of a good solvent in solvent mixture, as 

predicted by simulations,
45, 57

 has been observed in a thin polymer film.  

Effect of adding ethanol on dewetting rate – Upon addition of up to 15% 

wt. ethanol to toluene, the steady-state dewetting rate increased by more than two 

orders of magnitude (Figure 6b) compared to the pure toluene case. The bell- shaped 

curve of the average dewetting rate versus solvent mixture composition, with a 

maximum rate at 15% wt. concentration of ethanol (inset of Figure 6a), can be 

explained with the competition between the effects of the two solvents. The solvation 

of PS in toluene is required for dewetting to occur, as it plasticizes the chains and 

allows PS to flow (no dewetting was observed in pure ethanol vapor). The addition of 

ethanol drove the dewetting faster in two ways: on the one hand, by establishing polar 

interactions with the hydroxide groups on the silicon oxide substrate, which favor the 

spreading of ethanol and reduce the spreading parameter of PS. On the other hand, by 

reducing the PS viscosity, as a consequence of the collapsed and less entangled 

conformation of the PS chains, as will be discussed later. Increasing the amount of 

ethanol vapor above 15% wt. reduced the average dewetting velocity, due to reduced 

mobility of the chains, due to lower toluene content when dewetting started. Indeed, 

the uptake of the toluene in PS films has been seen to be considerably slowed down in 

an under-saturated atmosphere.
58

 X-ray reflectometry data reinforce this explanation, 
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as at 30:70 wt. toluene/ethanol the swelling of the PS film was only 60% of the value 

obtained when annealing in pure toluene (Figure 2). 

Molecular recoiling forces - Thermally pre-annealing the films close to Tg, 

and then exposing them to a mixed toluene/ethanol atmosphere, reduced the dewetting 

rate significantly. Very thick PS films - as thick as 520 nm - could be dewetted by 

annealing in toluene/ethanol vapor mixtures. The latter two observations point to 

strong elastic forces driving dewetting, in addition to the polar interactions at the 

interface.  

Annealing the PS films above Tg drives the chains away from their out-of-

equilibrium ‘frozen’ conformation obtained through casting, towards more 

energetically favored quasi-equilibrium conformations.
27

 This elastic rearrangement 

has been described in the past, particularly in ultra-thin films where elastic forces due 

to extreme confinement are strong.
59

 Since the films prepared here had a thickness 

between 4Rg and 60Rg, confinement effects were not very strong here, and it was 

instead the addition of the non-solvent ethanol that drove dewetting dramatically. Our 

observations are closely related to previous work by the Reiter and other groups on 

dewetting driven by relaxation of residual elastic stresses within the film.
28, 29, 33, 34, 42, 

60, 61
  However, in our study by introducing ethanol in the annealing environment, we 

substantially increased the recoiling forces in the rim region, and made the 

phenomenon more obvious.  

Transition from slip to no-slip regimes – In all the vapor annealing 

situations investigated the hole growth followed the typical behavior expected for thin 

PS films dewetting upon thermal annealing (power law D ~ t
2/3

 for slip dominated 

behavior, followed by a constant dewetting rate D ~ t for a viscous dominated 

behavior).
16

 However, when more than 1% wt. ethanol was added to the environment, 

the transition between the two regimes occurred at earlier times (Figure 6b).  

According to accepted models,
16

 in the initial dewetting period when the rim 

width is still growing, the dewetting velocity is dominated by interfacial slip, and is 

described by the power law D ∝ t
2/3

. In this regime the velocity is determined by:
17

  

 !�"� = �
#
$
% &

� '
(,     (3) 

with γ and η the surface tension and viscosity of the liquid respectively, θ the 

contact angle of the liquid on the substrate, b the slip length (the distance at which the 

velocity of the liquid extrapolates to zero) and w the width of the rim. It is 
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straightforward to see from Equation (3) that as the rim width w grows, there is a 

proportional reduction in dewetting velocity, and this regime is clearly visible for the 

99:1 mixture (Figure 6b). Figure S3a shows clearly that Vslip decreases with increasing 

rim width during toluene vapor annealing. Adding only 1 %wt. ethanol to the vapor 

environment results in the initial Vslip decreasing not as strongly with increasing rim 

width (Figure S3b). Further addition of ethanol to the vapor mixture, results in Vslip 

becoming independent of the rim width, suggesting possibly a change both in the 

interfacial properties of the substrate and the molecular properties of the polystyrene.  

When w = bL/θ, where L is a constant of order 10,
62

 the dynamics become 

viscosity-dominated,  and slip is no longer the main dissipation mechanism. We were 

able to estimate slip length values from the value of rim width at which this transition 

from R ∝ t
2/3 

(slip) to R ∝ t
 
(no-slip) occurs for the cases of annealing in pure toluene 

and in 95:5 (w/w) toluene/ethanol (in these two cases the viscosity could be 

approximated to be unchanged). The results are shown in Table 2. The value of slip 

length, b = 700 nm, obtained for the 95:5 wt. toluene/ethanol case, is close to that 

obtained for PS dewetting on hydrophobised silicon OTS monolayers.
63

 The increase 

in slip length on addition of ethanol is corroborated by the observation that the 

dewetted patterns in this case developed extensive fingering and droplet shedding, 

which is a signature of slip-dominated regimes.
21

 Finally, it is expected that slip 

should become more dominant in situations, such as the mixed toluene/ethanol 

atmosphere, where the liquid wets the substrate less, and where the polymer coils are 

more compact and solid-like.
64, 65

 By adding ethanol to the annealing mixture, we 

have effectively given a boost to the interfacial slip mechanism in the early stage of 

dewetting, in a manner that is more immediate and tunable than the modification of 

surface energy via self-assembled monolayers.
66, 67

 

 

Table 2: Slip length and characteristic transition time from elastic to viscous dewetting regimes for 

PS96k films (75 nm thick) annealed in toluene and toluene/ethanol vapors. The derivation of the slip 

length is explained in the text, and that of transition times is explained in Figures S4 -S6 in SI. 

Annealing environment Slip length, b (nm) Characteristic time (s) 

Pure toluene 350 20 000 

99:1 (w/w) toluene - ethanol - 3000 

95:5 (w/w) toluene - ethanol 700 270 

60:40 (w/w) toluene - ethanol - 1000 

40:60 (w/w) toluene – ethanol - 2000 
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Film viscosity – From our experiments a reptation time could be extracted 

(the time required for the polymer chain to completely emerge from its ‘tube’
41, 42

), 

which is proportional to the viscosity of the polymer solution and its concentration. 

The time at which the hole growth rate in a dewetting film transitions from the slip-

dominated to the viscous-dominated regime is proportional to the reptation time of the 

chains within the melt.
29

 Table 2 shows the characteristic times at which this 

transition occurred for our films annealed in the different solvent mixtures (the 

selection of the transition rim width and time is described in detail in Figures S4-S6). 

For relatively constant toluene content, (100 % toluene, 99:1 wt. toluene/ethanol and 

95:5 wt. toluene/ethanol) there is a two orders of magnitude decrease in characteristic 

transition time upon addition of ethanol.  It is reasonable to consider that these 

transition times are proportional to the reptation time of the PS chains in the films, 

which can be attributed to two concurrent effects: an increase in interfacial slip due to 

adsorption of ethanol molecules to the substrate, and a reduction of polymer viscosity 

due to the collapse of the polymer chains and subsequent decrease in entanglement. It 

is not possible to distinguish and isolate these two effects, but it is likely they both 

play a role. The collapse of the polystyrene chain due to the preferential adsorption of 

toluene in the mixed vapor environment, was simulated by Magda in infinitely dilute 

solutions,
45

 and is nicely replicated here, and partially explains the increased 

dewetting rate upon addition of ethanol. Figure 9 is a schematic summary of our 

observations, whereby the presence of ethanol in the solvent mixture results in 

dramatically increased dewetting rates and extensive fingering in the dewetted holes, 

due to the ‘onion-like’ structure of the toluene preferentially adsorbed to the PS 

chains within an ethanol shell. 
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Figure 9: Schematic summary of these experiments: optical micrographs of a hole formed in a PS96k 

film (75 nm) dewetting in toluene vapor (above) after the indicated time of annealing, and in 

toluene/ethanol vapor mixture (below), scale bars = 200 µm; on the right corresponding chain 

conformations: swollen PS chain in toluene (red color), and collapsed chain in the solvent mixture 

(toluene red, ethanol yellow outside).   

Conclusions  

In this paper we demonstrate that addition of ethanol vapor to a toluene vapor 

atmosphere affects drastically and on many levels the dewetting process of PS films. 

The consequences of adding up to 15% wt. ethanol to the toluene vapor atmosphere 

are: a reduced spreading parameter of the PS on the silicon oxide substrate, a reduced 

viscosity of the PS, an increased dewetting rate, a slip-dominated hole growth with 

extensive fingering, and the ability to dewet films as thick as 520 nm. The observed 

phenomena are attributed to the transition of the polymer chains to a globular 

conformation in a toluene/ethanol mixture, due to the strong preferential adsorption of 

the toluene. This behavior, predicted by Shultz and Flory,
44

 and explored by 

numerical simulations by Magda et al.
45

 for infinitely dilute polymer solutions, is 

much more pronounced in polymer melts. The addition of ethanol drives the 

dewetting faster, not only because the spreading parameter becomes more negative, 

but because the strong elastic recoiling forces on the chains drive hole growth and 

interfacial slip is increased. From an application point of view, annealing metastable 

films in mixed solvent vapors is a convenient and tunable way to produce very large 
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dewetted droplets, and to tune the dewetting dynamics more strongly towards a slip 

regime, without the need for surface modification. 
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