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S1. Estimation of the Surface Temperature of Water (𝑻𝒔𝒖𝒓𝒇𝒂𝒄𝒆) under the Influence of Continuous 

Evaporation of the Water 

The surface temperature of water was estimated by solving the energy balance equation for the region 

near the air-water interface. In our typical experimental situation, the bulk temperature of the water 

(𝑇𝑤𝑎𝑡𝑒𝑟 = 25 °C) is higher than the bulk temperature of the air (𝑇𝑎𝑖𝑟 = 22 °C), so there is a continuous 

heat transfer from water to air across the interface. The interface continuously exchanges heat with the 

bulk water and air phases. These heat transfer processes occur by buoyancy-driven free convection in 

both the water and air phases; the associated heat fluxes will be denoted as 𝑞𝑤𝑎𝑡𝑒𝑟 and 𝑞𝑎𝑖𝑟, 

respectively. Across the air-water interface, phase transition/mass transfer (water evaporation) occurs, 

which itself is an endothermic process; the heat flux due to evaporation at the air-water interface will be 

denoted as 𝑄𝑒𝑣𝑎𝑝. The surface temperature of water was calculated in the following steps. (i) 𝑞𝑤𝑎𝑡𝑒𝑟 

was calculated as a function of 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 at fixed 𝑇𝑤𝑎𝑡𝑒𝑟. (ii) 𝑞𝑎𝑖𝑟 was calculated as a function of 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

at fixed 𝑇𝑎𝑖𝑟. (iii) For a given RH level, 𝑄𝑒𝑣𝑎𝑝 was calculated as a function of 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 at fixed 𝑇𝑎𝑖𝑟. (iv) At 

steady state the total heat fluxes across the air-water interface should be balanced: 

 𝑞𝑤𝑎𝑡𝑒𝑟 = 𝑞𝑎𝑖𝑟 + 𝑄𝑒𝑣𝑎𝑝.   (S1) 

This total energy balance for the air-water interface was solved to calculate 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 for each different 

RH (as demonstrated in Figure S1 below). The details of the calculations are given below. 

 

(1) Heat Transfer due to Free Convection in the Bulk Water and Air Phases (𝒒𝒘𝒂𝒕𝒆𝒓 and 𝒒𝒂𝒊𝒓, 

Respectively) 

The convective heat fluxes on the water and air sides of the interface (𝑞𝑤𝑎𝑡𝑒𝑟 and 𝑞𝑎𝑖𝑟, respectively) 

were calculated using the “Newton’s law of cooling” 

 𝑞𝑤𝑎𝑡𝑒𝑟 = ℎ𝑤𝑎𝑡𝑒𝑟 ∙ (𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒)  (S2) 

 𝑞𝑎𝑖𝑟 = ℎ𝑎𝑖𝑟 ∙ (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑖𝑟)  (S3) 

where ℎ𝑤𝑎𝑡𝑒𝑟 and ℎ𝑎𝑖𝑟 are the heat transfer coefficients of the water and air, respectively; note these 

heat transfer coefficients take into account both conductive and convective contributions to heat 

transfer. The values of these heat transfer coefficients were estimated from empirical correlations of the 

respective Nusselt numbers, 𝑁𝑢𝑤𝑎𝑡𝑒𝑟 and 𝑁𝑢𝑎𝑖𝑟, as explained in the next paragraph. The bulk water 

temperature, 𝑇𝑤𝑎𝑡𝑒𝑟, was measured using a waterproof thermocouple placed at 0.01 m depth beneath 

the water surface. The bulk air temperature, 𝑇𝑎𝑖𝑟, was measured (along with RH) using an NIST-certified 

digital thermometer located at 0.08 m above the water surface. At various assumed values of water 

surface temperature (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒), the values of ℎ𝑤𝑎𝑡𝑒𝑟 and ℎ𝑎𝑖𝑟 were estimated. 

For free convection systems, it can be shown by dimensional analysis that the dimensionless heat 

transfer coefficient, Nusselt number (𝑁𝑢 ≡ ℎ𝐿/𝑘), depends on the heat transfer Grashof number (𝐺𝑟ℎ), 

the Prandtl number (𝑃𝑟), and the characteristic length (𝐿).1 In our experimental situation, the maximum 

values of 𝐺𝑟ℎ∙𝑃𝑟 were estimated to be 9.3 × 106 for water at 𝛥𝑇 (≡ 𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒) = 3 °C, and 6.8 × 

104 for air at 𝛥𝑇 (≡ 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑖𝑟) = 3 °C, which suggests that the flow is predominantly laminar, and 

the turbulent effect is insignificant (as confirmed below). The mean Nusselt number for laminar flow 
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(𝑁𝑢𝑙𝑎𝑚), the mean Nusselt number for turbulent flow (𝑁𝑢𝑡𝑢𝑟𝑏), and the total mean Nusselt number 

(𝑁𝑢) were estimated using established empirical relationships1 

 𝑁𝑢𝑙𝑎𝑚 =
1.4

ln(1+
1.4

0.835∙𝐶𝑙
̅̅ ̅(𝑃𝑟)(𝐺𝑟∙𝑃𝑟)1/4

)
  (S4) 

 𝑁𝑢𝑡𝑢𝑟𝑏 = 0.14 ∙
1+0.0107∙𝑃𝑟

1+0.01∙𝑃𝑟
(𝐺𝑟 ∙ Pr)1/3 (S5) 

 𝑁𝑢 = [(𝑁𝑢𝑙𝑎𝑚)10 + (𝑁𝑢𝑡𝑢𝑟𝑏)10]1/10.  (S6) 

In these calculations, the ratio of the area to the perimeter of the Langmuir trough was used as the 

characteristic length scale (𝐿 = 𝐴/𝑃). The empirical function, 𝐶�̅�(𝑃𝑟), is given by 

 𝐶�̅�(𝑃𝑟) =
0.671

[1+(0.492/𝑃𝑟)9/16]
4/9.   (S6) 

For water, for instance, at 𝛥𝑇 (≡ 𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒) = 3 °C (at 𝐺𝑟ℎ∙𝑃𝑟 = 9.3 × 106), 𝑁𝑢𝑙𝑎𝑚, 𝑁𝑢𝑡𝑢𝑟𝑏 and 

𝑁𝑢 were estimated to be 28.82, 1.09 and 28.82, respectively, which confirms that the turbulent 

correction is indeed negligible. 

 

(2)  Heat Flux due to Phase Transition/Mass Transfer (Water Evaporation) across the Air-Water 

Interface (𝑸𝒆𝒗𝒂𝒑) 

The heat flux due to evaporation at the air-water interface (𝑄𝑒𝑣𝑎𝑝) was calculated by 

 𝑄𝑒𝑣𝑎𝑝 = �̇�𝑒𝑣𝑎𝑝 ∙ ∆𝐻𝑣𝑎𝑝   (S7) 

where �̇�𝑒𝑣𝑎𝑝 is the evaporation mass flux, and ∆𝐻𝑣𝑎𝑝 is the heat of vaporization of water per mass of 

water; the temperature dependence of ∆𝐻𝑣𝑎𝑝 was estimated using the data reported in Ref. 2. The 

evaporation flux, �̇�𝑒𝑣𝑎𝑝, was calculated using the relation, 

 �̇�𝑒𝑣𝑎𝑝 = ℎ𝑒𝑣𝑎𝑝 ∙ ∆𝜌𝑤𝑣    (S8) 

where ℎ𝑒𝑣𝑎𝑝 is the evaporation mass transfer coefficient, and ∆𝜌𝑤𝑣 is the density difference between 

the saturated water vapor at the air-water interface (𝜌𝑤𝑣
𝑠𝑎𝑡(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)) and the water vapor in the bulk air 

(𝑅𝐻 ∙ 𝜌𝑤𝑣
𝑠𝑎𝑡(𝑇𝑎𝑖𝑟)), ∆𝜌𝑤𝑣 = 𝜌𝑤𝑣

𝑠𝑎𝑡(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒) − 𝑅𝐻 ∙ 𝜌𝑤𝑣
𝑠𝑎𝑡(𝑇𝑎𝑖𝑟); these temperature-dependent saturated 

water vapor density values were obtained from Ref. 3. The mass transfer coefficient was estimated from 

an empirical correlation of the Sherwood number (𝑆ℎ ≡ ℎ𝑒𝑣𝑎𝑝𝐿/𝐷 where 𝐿 = 𝐴/𝑃, and 𝐷 is the 

temperature-dependent binary diffusion coefficient of water vapor in air) for laminar free convection4 

 𝑆ℎ = 0.54 ∙ (𝐺𝑟𝑚 ∙ 𝑆𝑐)1/4   (S9) 

where 𝐺𝑟𝑚 is the mass transfer Grashof number, and 𝑆𝑐 is the Schmidt number; in calculating the values 

of 𝐺𝑟𝑚, the temperature-dependent saturated water vapor pressure was estimated using the method 

reported in Ref. 5. The above equation is valid only in the laminar, free convection evaporation regime 

(that is, when 𝐺𝑟𝑚∙ 𝑆𝑐 < 2 × 107). In our situation, the maximum value of 𝐺𝑟𝑚∙ 𝑆𝑐 was estimated to be 

1.5 × 105 at 𝛥𝑇 (≡ 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑖𝑟) = 3 °C and RH = 0%, which justifies the use of the above equation. 
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Figure S1. Heat fluxes on the water and air sides of the interface (𝑞𝑤𝑎𝑡𝑒𝑟 and 𝑞𝑎𝑖𝑟 + 𝑄𝑒𝑣𝑎𝑝, respectively) 

estimated at various assumed values of water surface temperature (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒) and relative humidity (RH). 
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S2. Box-Model Analysis of the X-ray Reflectivity Data 

A detailed explanation of the analysis method used can be found in our previous publication [Lee et al., 

Soft Matter, 10, 3771 (2014)]. Briefly, to convert the X-ray reflectivity (XR) profiles to real-space electron 

density profiles, the so-called box-model analysis method was used. The raw XR data were first shifted 

horizontally by adding an offset (qz,offset), and then vertically by multiplying the reflectivity data (R(qz)) 

by a constant (Rshift): 

qz = qz,original + qz,offset  (S6) 

R(qz) = Roriginal(qz) × Rshift.  (S7) 

This corrected reflectivity profile was then normalized by the theoretical Fresnel reflectivity profile: 

RF(qz) = |
qz−√qz

2−qc
2−4𝑖𝑘μ

qz+√qz
2−qc

2−4𝑖𝑘μ

|

2

.  (S8) 

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): 

ρe(z) =

(ρe,1−ρe,air)

2
(1 + erf(

z

√2σ1
2
))+

(ρe,2−ρe,1)

2
(1 + erf(

z−d1

√2σ2
2
))+

(ρe,3−ρe,2)

2
(1 + erf(

z−(d1+d2)

√2σ3
2

))+

(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

)).  (S9) 

The assumed electron density profile calculated using Equation (S9) 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 .  (S10) 
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Table S1. Box model fit parameters for the normalized electron density profiles of Langmuir PLGA films 

at 50 – 60 % RH. 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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2028-1 7.35422 11.0605 15.2622 19.3704 1.08411 1.31973 1.37452 0.936438 2.43394 3.72745 4.84312 9.70332 9.71692 
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701-3 5.41356 14.1021 35.0698 25.5246 1.14451 1.31543 1.28672 1.24187 2.63885 3.745 31.3893 4.49199 5.20714 

701-2 5.57185 14.566 35.0426 24.9328 1.1562 1.32856 1.27994 1.24599 2.67774 4.3513 26.6785 4.03915 5.08683 

701-1 6.35766 14.0054 35.2304 25.9348 1.12452 1.32009 1.30571 1.25706 2.66504 4.31512 12.788 8.91892 4.80589 
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Figure S2. Normalized XR profiles (R(qz)/RF(qz)) from Langmuir PLGA films at 50 – 60 % RH and at two 

different area per chain conditions, 2028 and 701 Ȧ2/chain. At each area condition, three different areas 

of the monolayer were examined. These measurements were repeated twice in two different beam 

times (first in July 2014, and again in February 2015). Points are experimental data. Solid lines are 

theoretical fits to the data. The procedures for this box-model fitting analysis are described in Section S2 

of the SI. The normalized electron density profiles (ρe(z)/ρe,water,∞) obtained from this analysis are 

presented in Figure 8(c) of the main text. The values of the best-fit parameters are presented in Table S1 

of the ESI. 
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Table S2. Box model fit parameters for the normalized electron density profiles of Langmuir PLGA films 

at 80 – 90 % RH. The actual reflectivity data are presented in Figure S3. 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. Normalized XR profiles (R(qz)/RF(qz)) from Langmuir PLGA films at 80 – 90 % RH and at two 

different area per chain conditions, 2028 and 701 Ȧ2/chain. At each area condition, three different areas 

of the monolayer were examined. These measurements were repeated twice in two different beam 

times (first in July 2014, and again in February 2015). Points are experimental data. Solid lines are 

theoretical fits to the data. The procedures for this box-model fitting analysis are described in Section S2 

of the SI. The normalized electron density profiles (ρe(z)/ρe,water,∞) obtained from this analysis are 

presented in Figure 8(c) of the main text. The values of the best-fit parameters are presented in Table S2 

of the ESI. 
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S3. Correction of Surface Pressure for Non-Zero Contact Angle 

 

 

Figure S4. Schematic illustration of the Wilhelmy method. 

 

In a typical Wilhemly plate setup, the surface pressure (𝜋𝑚𝑒𝑎𝑠) is related to the capillary force (𝐹) and 

the contact angle (𝜃) by the Wilhelmy equation 

𝜋𝑚𝑒𝑎𝑠 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 − 𝛾𝑚𝑒𝑎𝑠 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 −
𝐹

𝑙 ∙cos(𝜃)
  (S11) 

Here 𝜃 is assumed to be zero, which gives 

𝜋𝑚𝑒𝑎𝑠 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 −
𝐹

𝑙
; 𝛾𝑚𝑒𝑎𝑠 = −

𝐹

𝑙
.  (S12) 

If 𝜃 is not zero, the true surface pressure (𝜋𝑡𝑢𝑟𝑒) is different from 𝜋𝑚𝑒𝑎𝑠, and can be estimated from the 

measured contact angle (𝜃𝑚𝑒𝑎𝑠). The Wilhelmy equation gives 

𝜋𝑡𝑟𝑢𝑒 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 − 𝛾𝑡𝑟𝑢𝑒 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 −
𝐹

𝑙 ∙cos(𝜃𝑚𝑒𝑎𝑠)
.  (S13) 

By removing 𝐹 using Equation (S12), we obtain 

𝜋𝑡𝑟𝑢𝑒 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 −
𝛾𝑚𝑒𝑎𝑠∙𝑙

𝑙 ∙cos(𝜃𝑚𝑒𝑎𝑠)
,  (S14) 

which becomes 

𝜋𝑡𝑟𝑢𝑒 = 𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 − 𝛾𝑚𝑒𝑎𝑠 ∙ sec(𝜃𝑚𝑒𝑎𝑠).  (S15) 

Therefore, 𝜋𝑡𝑟𝑢𝑒 can be calculated from 𝛾𝑚𝑒𝑎𝑠 and 𝜃𝑚𝑒𝑎𝑠.  
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The error in surface pressure as defined in Section 3.5 of the main text 

    Δ𝜋 = 𝜋𝑚𝑒𝑎𝑠 − 𝜋𝑡𝑟𝑢𝑒  (S16) 

can thus be calculated as 

  Δ𝜋 = (𝛾𝑎𝑖𝑟−𝑤𝑎𝑡𝑒𝑟 − 𝜋𝑚𝑒𝑎𝑠) ∙ (sec(𝜃𝑚𝑒𝑎𝑠) − 1).  (S18) 
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Figure S5. Optical images of (a) the platinum Wilhelmy plate in contact with the Langmuir PnPMA film at 

30 – 40 % RH and a surface pressure of 10.24 mN/m, and (b) the filter paper Wilhelmy probe in contact 

with the Langmuir PnPMA film at 30 - 40 % RH and a surface pressure of 10.01 mN/m. The images were 

taken using a digital camera and analyzed with the ImageJ software for the determination of the contact 

angle. 

 

         

  



13 
 

Figure S6. Optical images of (a) the platinum Wilhelmy plate in contact with a clean air-water interface 

at 40 – 5- RH, and (b) the filter paper Wilhelmy probe in contact with a clean air-water interface at 40 – 

50 % RH. The images were taken using a digital camera and analyzed with the ImageJ software for the 

determination of the contact angle. 
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