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Abbreviations 

SHG: second-harmonic generation, SFG: sum-frequency generation, IMG: index-matching gel, TIR: 
total internal reflection, and RH: relative humidity 

SFG and SHG: Theoretical background 

SFG and SHG are highly sensitive nonlinear optical probes of surfaces and interfaces where light is 
generated at a frequency equals to the sum of frequencies of two incident optical fields. The basic 
theory of SHG and SFG has been described elsewhere (Bain, 1995; Eisenthal, 1996; Richmond et al., 
1988; Shen, 1989a; Shen, 1989b; Shen, 1994; Shen and Ostroverkhov, 2006) and will not be repeated 
here. However, a brief background will be given here. SFG/SHG signal is generated when the incident 
beams are spatially and temporally overlapped at a point of broken inversion-symmetry (e.g. an 
interface between two isotropic media). The experiments are usually carried out with definite 
polarization combinations of incident and generated beams. Such experiments are rich of 
information, particularly about concentrations and orientations of the entities which contribute to 
the signal. Unlike SHG, SFG can specify the different entities from their resonance frequencies. SHG 
and SFG have been used to probe the aqueous/air, aqueous/solid and solid/air interfaces. The overall 
signal strength depends on 1) intensity and polarization of the incident beams, 2) the optical 
properties of the media at the interface manifested in the Fresnel factors and 3) the concentrations 
and orientations of the molecules and the response of the existing dipoles at the interface.  

Generally the SFG signal, of frequency ߱ௌி = ߱௩ ൅ ߱ூோ, generated at the interface, Figure (S1), is 
given as bellow:  ܫ(߱ௌி) ∝ หܮ(߱ௌி) χ(ଶ) (௩߱)ܮ ∙ ூோܫ௩ܫหଶ(ூோ߱)ܮ  (1) 
  
where, ܮ(߱௜) is the nonlinear Fresnel factor at ߱௜ and χ(ଶ)	is the second order nonlinear 
hyperpolarizability tensor. ߱௩ and ߱ூோ are the frequencies of the incident beams. In SHG, the two 
incident frequencies are equal. Polarization dependent measurements probe specific tensor element 
of the hyperpolarizability tensor and yield detailed information about the degree of ordering and 
angular orientation of the molecules (Abdelmonem, 2008; Shen, 1989a; Shen, 1989b; Jang et al., 
2013; Rao et al., 2003; Zhuang et al., 1999; Fordyce et al., 2001; Goh et al., 1988; Luca et al., 1995).  

 

Figure S1: Simple scheme of SFG generation in co-propagating geometry. S and P indicate light polarized light 
perpendicular and parallel to the plane of incidence respectively. 
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Data acquisition and Fresnel factors correction (SHG) 

- Data acquisition 

During the SHG experiments the signal was collected, averaged and stored as a function of the state 
of condensation, deposition, freezing, or formation of bulk. These are the data points plotted in Figs. 
3 and 4 in the manuscript. Only for Fig. 5 the data was recorded as a function of time to report on the 
detected transient ice formed upon immersion freezing. Figure S2, shows some screen shots of 
typical SHG signal and temperature changes in time, and shows the points where the signal was 
collected and averaged for Figs. 3 and 4.   

 

Figure S2: Screen shots of typical signal and temperature changes in time during arbitrary cooling processes. The white 
line shows raw SHG data. The short red dashes below the SHG data show the points where the signal was collected and 
averaged. The red and green lines show the temperatures of the sample bottom and sample top respectively.  

Figure S2 shows three examples of three arbitrary runs performed on sapphire (only for 
demonstration purpose): 

Run1: The cell was purged continuously with N2 gas while cooling the sample down to -40. There is a 
small gradual change in the signal due to the changes in the temperature dependent optical 
constants. The cell was then purged with humid air which resulted in a formation of an ice-film by 
deposition. Finally, the cell was purged again with N2 gas which resulted in sublimation of the ice 
film.  

Run2: The cell was purged with humid air (RH=5%) while cooling the sample down until the 
formation of an ice film and then the cell was purged by N2 gas which resulted in film sublimation. 
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Run3: The cell was purged with humid air (RH=5%) while cooling the sample down until the 
formation of an ice film. Purging the cell with humid air was continued until the formation of bulk ice.  

All experiments of deposition freezing were done in a similar way as described above. Figs. 3 and 4 in 
the manuscript show the averaged signal at each event and the error bars on the figures show the 
fluctuation in the data points among all repeated experiments. 

 

- Fresnel factors 

The SHG signal with a frequency ߱ௌு = 2߱௜௡ under SM polarization, (S-polarized SHG and 45°-
polarized incident light), generated from an incoming visible light with a frequency ߱௜௡ can be 
described with the equation:  

ௌܵெ(߱ௌு) ∝ ቚܮ௬௬(߱ௌு)ܮ௬௬(߱௜௡)ܮ௭௭(߱௜௡)χ௬௬௭(ଶ) ቚଶ ௜௡ଶܫ  (2) 

where, ܮ(߱௜) is the nonlinear Fresnel factor at ߱௜ and χ௬௬௭(ଶ) 	is the surface second order nonlinear 

susceptibility tensor for SM polarisation combination (equivalent to SSP in SFG) (Shen, 1989b; Zhuang 
et al., 1999) and a measure of the degree of molecular ordering. To obtain the molecular quantity 
χ௬௬௭(ଶ)  the measured SHG intensities have thus to be normalized to the Fresnel factors which are 

optical constants dependent. Figure S3 shows the change of Fresnel factors as a function of refractive 
index in the range of refractive indices covering the involved media in this work. The SHG intensities 
reported in Figures 3 and 4 in the manuscript are Fresnel corrected and thus directly proportional 

toቚχ௬௬௭(ଶ) ቚ(ଶ).  

 

Figure S3: Theoretically calculated Fresnel factors for sapphire-water (red line) and mica-water (green line) interfaces at 
incident angle of 15° from air to the sapphire prism. Optical geometry can be found in (Abdelmonem et al., 2015; 
Abdelmonem et al., 2017). 

Refractive index

sapphire

Mica

23

3.5

44.5

89.3

28.1

114.4

Medium Sapphire Mica IMG Air Water Ice
RI 1.782562 1.564 1.45186 1 1.3436 1.3049

หܮ )ݕݕ ߱
(ܪܵ ܮ ݕݕ

( ߱ ݅݊) ܮ
)ݖݖ ߱ ݅݊)

ห2  



4 

Due to the large difference between the refractive index of air and those of water and ice, Fresnel 
corrections were made. The Fresnel factors as indicated on Fig. S3 are 3.5, 44.5 and 28.1 for air-, 
water-, and ice-mica interfaces respectively. Figure S4 shows the data of Fig. 4 before and after 
Fresnel correction.  

 

Figure S4. Data in Fig. 4 of the manuscript before and after Fresnel correction. (a) Original data before Fresnel correction, 
(b) Data after Fresnel correction, and (c) Data after Fresnel correction and normalization to the mica-air signal  (= Figure 
4 in the manuscript). 
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The Fresnel factors are expected to change with temperature and hence affect the measured SHG 
signal. The influence of the temperature dependence of the optical properties of the IMG, sapphire 
prism and mica on the SHG signal was studied before starting the series of measurements. Figure S5 
shows the SHG at mica-N2 gas interface in the mentioned range of temperatures. There was no 
significant effect of the changes in the optical properties of these media on the detected signal 
within the range of freezing temperatures observed in the study. 

 

Figure S5: SHG at mica-N2 gas interface in the range of freezing temperatures observed in the study. The cell, shown in 
Figure 2, was filled with ultrapure N2 gas (99.9999 %). 
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