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S1. Box Model Analysis of the XR Data 

The so-called box-model method was used to convert the X-ray reflectivity (XR) profiles to the 

real-space electron density profiles. For this analysis, the original XR data were first shifted 

horizontally by adding a small offset (qz,offset) to the original qz values, and then also vertically 

slightly by multiplication of the reflectivity data (R(qz)) by a constant factor (Rshift), in order to 

match the measured values of qz  and R(qz)  at the critical angle to those of the Fresnel 

reflectivity situation: 

qz = qz,original + qz,offset;      (S1) 

R(qz) = Roriginal(qz) × Rshift.     (S2) 

Then this modified reflectivity profile was normalized by the theoretical Fresnel reflectivity 

profile: 

RF(qz) = |
qz−√qz

2−qc
2−4𝑖𝑘μ

qz+√qz
2−qc

2−4𝑖𝑘μ

|

2

.      (S3) 

The box-model fitting analysis was performed on this normalized data (R(qz)/RF(qz)). We 

assumed that the monolayer is composed of four sublayers (i.e., “boxes”) of variable thickness 

(𝐝𝟏, 𝐝𝟐, 𝐝𝟑, 𝐝𝟒) and electron density (𝛒𝐞,𝟏, 𝛒𝐞,𝟐, 𝛒𝐞,𝟑, 𝛒𝐞,𝟒), each bounded by error function-type 

interfaces of variable roughness (𝛔𝟏,  𝛔𝟐,  𝛔𝟑,  𝛔𝟒, 𝛔𝟓): 
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ρe(z) =
(ρe,1−ρe,air)

2
(1 + erf (

z

√2σ1
2
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2
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2
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2
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erf (
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√2σ3
2
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(ρe,4−ρe,3)

2
(1 + erf (

z−(d1+d2+d3)

√2σ4
2

))  + 

(ρe,sub−ρe,4)

2
(1 + erf (

z−(d1+d2+d3+d4)

√2σ5
2

)).                   (S4) 

The assumed electron density profile calculated using Equation S4 was converted through the 

first Born approximation to an expected XR profile. Then this predicted XR profile was 

compared with the experimental data. This process was repeated to find the thickness, electron 

density and roughness values that minimize the sum of the magnitudes of the differences 

between the measured and calculated XR values at all the data points: 

ε = ∑ (
|Rexperiment,i(qz)−Rcalculation,i(qz)|

RF,i(qz)
)N

i=1 .                 (S5) 

A more detailed discussion of this procedure is given in Lee et al. Soft Matter 10, 3771 (2014).
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Figure S1. Surface pressure vs. area isotherms of a PLGA monolayer measured at 25 ℃ during 

compression at a rate of 3 mm/min at two different Wilhelmy plate orientations relative to the 

barriers of the Langmuir trough (i.e., “parallel” and “perpendicular”). See Figure 1 of Cicuta & 

Terentjev, Eur. Phys. J. B, 16, 147 (2005) for graphical illustration of the definitions of the 

“parallel” vs. “perpendicular” configurations. 
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Figure S2. Normalized XR profiles (R(qz)/RF(qz)) from PLGA monolayers at eight different area 

per monomer conditions. Points are experimental data. Solid lines are theoretical fits to the data. 

The procedures for this box-model fitting analysis are described in Section S1 of the Supporting 

Information (SI). The normalized electron density profiles (ρe(z)/ρe,water,∞) obtained from this 

analysis are presented in Figure 1(b). The values of the best-fit parameters are presented in Table 

S1 (SI). 
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Table S1.Box model fit parameters for the normalized electron density profiles shown in Figure 

1(b). The actual reflectivity data are presented in Figure S2. The notations, 𝐝𝐢  , 𝛒𝐞,𝐢 , and 𝛔𝐢 , 

denote the thickness, electron density and roughness of the i-th sublayer (or interface) within the 

monolayer, respectively. The subscript value “1” corresponds to the sublayer (or interface) 

closest to the bulk air phase, and the highest subscript number designates the sublayer (or 

interface) closest to the bulk water. 
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Figure S3. Thicknesses of the PLGA monolayer at various area per chain conditions determined 

from the XR data shown in Figure 1; the monolayer thickness is defined as the distance between 

the mid-electron-density point on the air side and the mid-electron-density point on the water 

side of the monolayer. These experimentally determined thicknesses are compared with the film 

thickness values calculated using a value of 1.58 g/cc for the bulk density of PLGA. 

  



 11 

Figure S4. (a) Surface pressure relaxation profiles of Langmuir PLGA films at a constant film 

area of 0.8 Å2
 per monomer at 25 and 40 ℃. (b) A surface area vs. time profile of a Langmuir 

PLGA film at a constant pressure of 30 mN/m at 25℃. The monolayer samples were initially 

prepared at 2.78 Å2
 per monomer and then compressed at a rate of 3 mm/min to the 0.8 Å2

 per 

monomer condition (i.e., to the 30 mN/m surface pressure condition) before these measurements 

began. 
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Figure S5. A time series of normalized XR profiles (R(qz)/RF(qz)) from a Langmuir PLGA film 

at a constant surface pressure of 30 mN/m; the monolayer was initially prepared at an area of 4 

Å2
 per monomer and then compressed at a rate of 2 cm

2
/min (trough width 98 mm, length 350 

mm) to the 30 mN/m surface pressure condition before these measurements began. Points are 

experimental data. Solid lines are theoretical fits to the data. The procedures for this box-model 

fitting analysis are described in Section S1 of the Supporting Information (SI). The normalized 

electron density profiles (ρe(z)/ρe,water,∞) obtained from this analysis are presented in Figure 5(b). 

The values of the best-fit parameters are presented in Table S2 (SI). 
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Table S2. Box model fit parameters for the normalized electron density profiles shown in Figure 

5(b). The actual reflectivity data are presented in Figure S5. The notations, 𝐝𝐢  , 𝛒𝐞,𝐢 , and 𝛔𝐢 , 

denote the thickness, electron density and roughness of the i-th sublayer (or interface) within the 

monolayer, respectively. The subscript value “1” corresponds to the sublayer (or interface) 

closest to the bulk air phase, and the highest subscript number designates the sublayer (or 

interface) closest to the bulk water. 
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Figure S6. Normalized electron density profiles (ρe(z)/ρe,water,∞) obtained from the box-model 

analysis of the XR data for the compressed and as-spread PLGA films at an area of 0.8 Å2 
per 

monomer. 

 

  



 19 

 


