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Amorphous ice in space: building blocks for the planetary systems
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Silicate dust grains covered with amorphous H2O ice (Tcry=140 K)
Similar chemical constituents to comets
Icy dust grains are the precursors of planetary material

All solid species (except for CO) 
require dust surface reactions 

to attain the observed abundances.

Gibb et al.  Astrophys. J. (2000).
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Laboratory study for dust surface chemistry

(1) Quantum tunneling surface reactions: H2CO and CH3OH formation by H + solid CO
Hama and Watanabe, Chem. Rev. (2013).

Elementary processes 
on interstellar dust

(3) Photochemistry (photodesorption) of amorphous water ice 
Nuclear-spin isomers of photodesorbed H2O    Hama et al., Science (2016)., Astrophys. J. (2018).

Ultra-high vacuum chamber, 4 K cryostat, lasers, FT-IR, hydrogen atomic source etc…

(2) Enhancement of H-atom tunneling reactions on amorphous surface.
Hama et al., J. Phys. Chem. Lett. (2014). Hama et al., PNAS (2015).
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Hama and Watanabe, Chem. Rev. (2013).



Electrical properties of amorphous molecular solids at low temp.

Elliott et al., Vacuum 1969, 19 (8), 366.

Molecular orientational order in 
nanometer-thick films of molecules?

Bu et al., J. Chem. Phys. 2015, 142 (13), 134702. 4/12



Field et al., Int. Rev. Phys. Chem. 2013, 32, 345. 
Plekan et al., Eur. Phys. J. D 2017, 71, 162.

Many polar molecules develop a surface potential 
during vapor deposition on a cold substrate, e.g., 108 V/m for N2O!

In addition, H2O, CO, NO, SO2, NH3, acetone, propane, and alcohols (CnH2n+1OH, n=1−5).

Dipole alignment in amorphous molecular solid?

Technical difficulties to study molecular orientation in thin films
Diffraction (X-ray, electron, neutron) → Not suitable for amorphous solid
Nuclear magnetic resonance→ Low sensitivity for thin films (nm-scale)



Infrared Multiple Angle Incidence Resolution Spectrometry (IR-MAIRS) 
for molecular orientation analysis developed by Prof. Takeshi Hasegawa (Kyoto Univ.)

(1) Seven IR spectra are collected at  =45 with polarization 
angles () from s-pol. ( =0) to p-pol. ( =90) in 15 steps. 
These spectra (sobs, 1-7) are expressed as a linear combination of 
the IP (sIP) and OP (sOP) components
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Oblique incidence measurements + Multivariate analysis
→ In-plane (IP) and out-of-plane (OP) vibration spectra

sobs,1 = rIP,1 sIP + rOP,1 sOP + u1 (s-pol.) 
sobs,2 = rIP,2 sIP + rOP,2 sOP + u2

sobs,3 = rIP,3 sIP + rOP,3 sOP + u3

sobs,4 = rIP,4 sIP + rOP,4 sOP + u4

sobs,5 = rIP,5 sIP + rOP,5 sOP + u5

sobs,6 = rIP,6 sIP + rOP,6 sOP + u6

sobs,7 = rIP,7 sIP + rOP,7 sOP + u7 (p-pol.) 

rIP,1-7 : weighting coefficients for sIP

rOP,1-7: weighting coefficients for sOP

u1-7 : Nonlinear noises (e.g., reflected IR light)

Itoh et al., JPC A 2009, 113, 7810.
Shioya et al., JPC A 2019, 123, 7177.

(2) IP and OP spectra are obtained through 
classical least-squares regression equation.
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IR-MAIRS for hydrogen-terminated Si(111) surface.

Kakuda et al., Chem. Phys. Lett. 415 (2005) 172.

(1) High sensitivity to detect one-monolayer
(2) Quantitative molecular orientation analysis
(3) Applicable to amorphous materials

For more details, see Shioya et al., JPC A 2019, 123, 7177.
Hasegawa and Shioya, Bull. Chem. Soc. Jpn. 2020, 93, 1127.

pi (i = x, y, or z) 
x-, y-, and z-components 
for the transition moment.



Si(111) substrate and Cu sample holder were connected 
with indium solder by ultrasonic soldering.

Without thermal shielding, Si can be cooled down to 6 K.

Development of low-temperature, ultrahigh-vacuum IR-MAIRS
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Single-beam spectra measured at various polarization angles from 0 (s-polarization) 
to 90 (p-polarization) in 15 steps before the MAIRS analysis.

Si substrate at 6 K 
before N2O exposure

Amorphous N2O at 6 K
(128 min at 6.0 × 10−6 Pa = 100 ML)

N2O (ν3 antisymmetric stretching)
Large TO-LO splitting due to strong absorption

n + ik (n=1.32, k=1.85)

Transverse (TO)
(2𝑛𝑘)

Longitudinal 

(LO)  
2𝑛𝑘

(𝑛2+𝑘2)2
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In-plane (IP) spectrum → TO function;  Out-of-plane (OP) spectrum → LO function
Large TO-LO splitting in the ν3 band of 14N14NO (n=1.32, k=1.85) is clarified by MAIRS
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However…. Large TO-LO splitting means
The ν3 band are delocalized by 
dipole−dipole interactions between the 
vibrations of the molecules.

Ovchinnikov and Wight, JCP (1995).


Molecular orientation analysis based on 
the strong ν3 band is inappropriate.
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Shioya et al., JPC A 2019, 123, 7177.
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The 14N15NO isotope band at 6 K as a function of exposure time

IP > OP
（65.1°± 1.5°）
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IP/OP spectra of amorphous H2O at 10 K：
Dangling-OH bands (2-, and 3-coordinated molecules at the surface)
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Discussion and Summary

Hama et al., J. Phys. Chem. Lett. 2020, 11, 7857.

(1) Development of low-temperature, ultrahigh vacuum IR-MAIRS

(2) Large TO-LO splitting in the ν3 band of 14N14NO in amorphous N2O at 6 K.
The ν3 band are delocalized by long-range dipole−dipole interactions (n=1.32, k=1.85).
→ Inappropriate for molecular orientation analysis.

(3) Molecular orientation analysis by the weak ν3 band of 14N15NO.
The degree of dipole alignment at 6 K → 0.02−0.03 (1.6−2.4 × 107 V m-1) 

Kutzner, Thin Solid Films 1972, 14, 49.
Orientation angle of 65°± 2°→ 0.42 (Too large!)
The cancellation of the N2O dipole moments occurs on a macroscopic scale in amorphous N2O.

The origin of the orientation angle (65°) is unclear. 
→ Anisotropy of the van der Waals interactions?

(4) Applicable to interstellar chemistry and other research fields.
e.g., organic semiconductor films.

Pentacene
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65°N2O


