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I: Initial Concentration Profile 

For fluorescence microscopy experiments, a nitrobenzofurazan (NBD) fluorophore 

attached to polystyrene (PS) was synthesized as described earlier.1 Toluene or cylcopentanone 

solutions containing NBD-labeled PS (Mn = 2900 g/mol, Ð = 1.2) and dye-unlabeled PS possessing 

identical molecular weight were spin coated onto quartz substrates. To prevent fluorophore self-

quenching, the amount of fluorophore content was limited to 0.18 wt. % of the total dry film mass.2 

The UV exposure dose typically used for patterning, 840 J/cm2, was applied to the films through 

a line-and-space photo-mask possessing 25 μm pattern periodicity. The fluorescence intensity 

profile after photobleaching the NBD dye was obtained by imaging with a Hamamatsu Orca R2 

camera with μManager software for camera control3 on an Olympus BX 51 epifluorescence 

microscope coupled to a Photon Technologies Quanta Master 40 fluorimeter. The excitation 

wavelength used was 465 nm with a 4 nm bandpass and an emission filter selected for all 

wavelengths greater than 520 nm. Because the NBD-labeled PS content has been set below the 

threshold for self-quenching, this intensity is linearly proportional to the concentration of NBD. 

The depth of focus of the microscope is 2.9 μm, which is much larger than the typical thicknesses 

of films used in this study; therefore, fluorescence of the film is captured from the entire depth. 

Informed by the NBD concentration profile of the bleached NBD-labeled PS after light exposure 

through the mask, a smoothed step function was used to generate the initial concentration profile 

for simulations. For one half-period of the mask pattern, this is given by: 

𝑐
𝑐0

(𝑥
𝜆, 𝑡 = 0) = 6(𝑥

𝜆)5 ‒ 15(𝑥
𝜆)4 + 10(𝑥

𝜆)3
(1)

The fluorescence intensity profile as well as the initial concentration profile employed in 

simulations is shown in Figure S1.
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Figure S1: Normalized fluorescence intensity profile obtained experimentally from fluorescence 
microscopy using NBD labeled PS after typical exposure protocol for patterning was performed. 
Solid line represents the initial concentration profile used in the model prediction.

II: Glass Transition Temperature of PS 

The glass transition temperature, Tg, of the atactic PS used in this study was determined by 

differential scanning calorimetry (DSC) using a Mettler-Toledo DSC-1. The sample was heated to 

150 ˚C at a rate of 20 ˚C/min for the first 2 cycles then was heated to 300 ˚C at 15 ˚C/min for the 

last 2 cycles. All of the heating thermograms show no Tg shifts between each cycle. The DSC 

thermogram shown in Figure S2 corresponds the last heating step up to 300 ˚C which shows the 

PS possesses a bulk Tg of 61 °C. 
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Figure S2. DSC thermogram of PS taken upon heating at a rate of 15 °C/min to 300 °C.

The glass transition temperature, Tg, of a thin PS film before and after a typical patterning 

light exposure procedure was determined by spectroscopic ellipsometry. The results are shown in 

Figure S2. The film was heated at 120 °C for 5 min, and then cooled at 2 °C/min to -20 °C. The 

film’s thickness, , was determined at each sample temperature, T, using a layered model that ℎ(𝑇)

fitted the optical constants and film thickness. The Tg was found by regressing the equation4

(2)
ℎ(𝑇) =  𝑤(𝑀 ‒ 𝐺

2 )𝑙𝑛[𝑐𝑜𝑠ℎ(𝑇 ‒ 𝑇𝑔

𝑤 )] + (𝑇 ‒ 𝑇𝑔)(𝑀 + 𝐺
2 ) + 𝑐

to the data. . The parameters M, G, Tg, and c were fitted and the glass transition width was set as 

w = 10 oC. Using larger or smaller values of w did not change the extracted value of Tg more than 

1 oC. 
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Figure S3. Effect of blanket exposure to 140 J/cm2 of broadband light on the glass transition of a 
PS film on Si substrate as determined by spectroscopic ellipsometry. For clarity only every 100th 
data point is displayed. The solid lines represent regressions of Eq. 2 to the data.

III: Viscosity of PS blend at 120 oC
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Figure S4: Viscosity of the polystyrene blend (99 wt.% Mn = 2.9 kDa PS, 1 wt.% Mn = 50 kDa 

PS) was measured at 120 oC using a TA Instruments AR-2000ex rheometer under steady shear.

IV: Extracting Surface Tension Gradients and Diffusivities

The linearized solution gives, for the peak to valley height in dimensionless form:
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𝜂̂ =
𝜋2

∆𝛾𝑐0

2
𝜓1 ‒ 𝜓2

(𝑒
𝜓1𝑡

‒ 𝑒
𝜓2𝑡

) (3)

Substituting in the Taylor series expansion for the exponential function and retaining terms only 

up to first order yields the evolution of peak-to-valley height at short times:

𝜂̂ ≈ (𝜋2
∆𝛾𝑐0

2 )𝑡     ∀     𝑡 ≪ 1 (4)

Comparing this to short-time experimental results, the difference in surface tension between the 

exposed and unexposed polymer ( ) can be extracted from the slope of the line. ∆𝛾
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Figure S5: (a) Experimental results at short times (b) Non-dimensional surface tension difference values 
extracted from experimental data at four different temperatures.

At long times, peak-to-valley height reduces to

𝜂̂ ≈
𝜋2

∆𝛾𝑐0

2

|𝜓1 ‒ 𝜓2|
𝑒

𝜓𝑚𝑎𝑥𝑡
     ∀     𝑡 ≫ 1 (5)
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where . This can be re-written as𝜓𝑚𝑎𝑥 ≡ 𝑚𝑎𝑥⁡(𝜓1,𝜓2)

ln (𝜂̂) ≈ 𝑙𝑛( 𝜋2
∆𝛾𝑐0

2

|𝜓1 ‒ 𝜓2|) + (𝜓𝑚𝑎𝑥)𝑡 (6)

Since the eigenvalues  and  are a function of diffusivity, it can be extracted by comparing 𝜓1 𝜓2

this expression with experimental observations for peak-to-valley height at long times. As noted 

in the main text, the linearized solution is valid for cases where the features are small compared to 

the thickness of the unperturbed film. This is always true at short times, but applies at long times 

only for low temperatures or small initial conversions. For this reason diffusivity was extracted 

using experimental results at 120 °C and extrapolated to higher temperatures using correlations 

from literature (after shifting them to agree with the extrapolated value).
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Figure S6: (a) Experimental results at 120°C for long times (b) Diffusivity values extracted from 
experimental data at 120°C and extrapolated to higher temperatures as in Ref. 5.

V: Secondary Peaks at Short Times
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Simulations show that secondary peaks always form when a surface tension profile is present (see 

Results section in main paper), but their longevity varies. When the mask periodicity is relatively 

small, short annealing times are necessary to observe them experimentally. 

0.97

0.98

0.99

1.00

1.01

1.02

1.03

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

h/
h 0

 [a
.u

.]

x/λ [a.u]

T = 120 C, t = 50 s
T = 126 C, t = 50 s
T = 136 C, t = 8 s
T = 140 C, t = 8 s

Figure S7: Simulated film height profiles at short times clearly depict secondary peaks at four 

different annealing temperatures. Thicknesses of the film at each annealing temperature are 

identical to those used in Figure 3 of the main manuscript.
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