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Advanced Laser Spectroscopic Study on Molecular Science of Ice Surfaces
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Among numerous crystalline phases of ice, the In phase is the most stable above 72 K at atmospheric pressure. It

is well established that the orientations of water molecules in the bulk of ice In are statistical without long-range order.

However, the orientational order of water at the surface of ice I has been enigmatic. Here we show that the surface of ice

I at 100 K has hydrogen order with the OH group pointing upward to the air ("H-up" orientation). We applied nonlinear

optical spectroscopy and theoretical modeling to the surface of isotopically pure and diluted ice Ir and observed OH stretch

vibrational signatures attributed to H-up ordering. Furthermore, we found that this hydrogen order takes place despite

more inhomogeneous microenvironment at the surface than in the bulk. Our results suggest the prominent role of the

surface to allow the reorientation of water molecules for hydrogen ordering that is virtually prohibited in the bulk.
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Fig. 1 Schematic of possible molecular structures of ice I surface. (A) Orientations of water molecules are statistical,
corresponding to the hydrogen-disordered structure of the bulk. (B and C) Water molecules are oriented with their
hydrogens pointing predominantly upward to the air (B) and downward to the bulk (C).
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Fig.2 Vibrational spectroscopy of isotopically pure and diluted ice In at 100 K. (A and B) SFG (1x1?12) spectra of the basal face without (A) and
with (B) the normalization of the peak intensity. The polarization combination is SSP (S-polarized sum frequency output, S-polarized visible
input, P-polarized infrared input). (C) Raman spectra of the bulk with the peak intensity normalized. The excitation and scattering are both
polarized along the c axis of ice In. (D) IR spectra of the polycrystalline bulk at 77 K with the peak absorbance normalized. (E) Schematic of

isotopic dilution of ice In to replace H with D.
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Fig. 3 Surface vibrational spectroscopy of the isotopically pure and diluted ice In basal face at 100 K. (A) Imaginary and real parts of xt2. Open circles
represent the experimental data, and solid lines stand for global fits. The polarization combination is SSP. (B and C) Experimental (B) and theoretical (C)
Im x®@ spectra with the peak intensity normalized. (D) OH concentration dependence of the peak position, bandwidth, peak height, and band area of the

positive band in the Im x{@ spectrum. Black and red circles represent the experimental and theoretical data, respectively.
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