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Abstract

The absolute absorption cross section of dangling OH bonds in water ice, a free OH stretch mode by three-
coordinated surface water molecules, is derived experimentally as 1.0 ± 0.2 × 10−18 cm2 at 3696 cm−1 for
amorphous water at 90 K using infrared multiple-angle incidence resolution spectrometry (IR–MAIRS). The
integrated absorption cross section (band strength) of the dangling OH bond at 90 K (1.4 ± 0.3 × 10−17 cm
molecule−1 at 3710–3680 cm−1) is found to be more than 1 order of magnitude smaller than those in bulk ice or
liquid water. This indicates that a lack of hydrogen-bonding significantly decreases the band strength of dangling
OH bonds. The present study also provides average molecular orientations of dangling OH bonds at 10 K and
90 K, because both the surface-parallel (in-plane) and surface-perpendicular (out-of-plane) vibration spectra of
dangling OH bonds are quantitatively measured by IR–MAIRS. The intensity ratio of the dangling-OH peaks
between in-plane to out-of-plane spectra shows the isotropic nature (random orientation) of the two- and three-
coordinated dangling OH bonds in microporous amorphous water prepared at 10 K; however, the three-
coordinated dangling OH bonds in nonporous amorphous water prepared at 90 K are dominantly located at the top
ice surface and oriented perpendicular to it. These findings provide fundamental insights into the relationship
between the structure and optical properties of ice surfaces, and aid quantitative understanding of the surface
structure of interstellar ices and their laboratory analogs.

Unified Astronomy Thesaurus concepts: Interstellar dust (836); Interstellar molecules (849); Ice formation (2092);
Laboratory astrophysics (2004); Interdisciplinary astronomy (804); Experimental techniques (2078); Surface
ices (2117)

1. Introduction

Infrared (IR) observations of space have revealed that water
(H2O) ice is the most abundant solid component of cold
interstellar clouds, the birthplaces of stars and planets (Van
Dishoeck et al. 2013). Most of this ice is considered to be
amorphous because of the lack of a sharp OH-stretching feature
around 3200 cm−1 (3.1 μm) that is characteristic of four-
coordinated molecules in crystalline ice (Hama & Watanabe
2013; Van Dishoeck et al. 2013). Laboratory IR spectra of
microporous amorphous water prepared at low temperatures
instead show two weak features at 3696 and 3720 cm−1, which
have been, respectively, assigned to the free OH stretching
modes of three-coordinated (one hydrogen (H)-donor and two
H-acceptors) and two-coordinated (one H-donor and one
H-acceptor) molecules located at the ice surface; these are
often called dangling OH bonds (Buch & Devlin 1991; Devlin
& Buch 1995). As dangling OH bonds indicate the porosity of
ice while acting as sites of preferential adsorption and reaction
on the ice surface, extensive studies have sought to understand
the surface properties of interstellar ice and its catalytic role in
the formation of molecules in space (Stevenson et al. 1999;
Hama & Watanabe 2013; He et al. 2019; Noble et al. 2020).
Although the dangling OH features have yet to be observed in
the IR spectra of interstellar ices (Van Dishoeck et al. 2013),

the upcoming James Webb Space Telescope will search for
them with high sensitivity and high spectral and spatial
resolution, thus shedding light on interstellar ice surface
structures (Gorai et al. 2020).
Despite much active research, the absorption cross section of

dangling OH bonds remains unknown (as explained below),
which hinders quantification of these bonds. Beer’s law
(Equation (1)) gives a sample’s absorbance (A) and absorption
cross section (σ, cm2) as a function of the imaginary part of its
complex refractive index, (n2 + ik2).
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where S is the intensity of the transmitted IR light of
wavelength λ (μm), and the superscripts s and b indicate
background and sample measurements, respectively (Hasegawa
2017). The sample has thickness d (μm) and column density N
(molecules cm−2). An often overlooked aspect of Beer’s law is
its neglect of optical interfaces (e.g., sample–substrate inter-
face); it thus holds only for a bulk sample thicker than the IR
wavelength (d� λ) (Hasegawa 2017). However, laboratory
measurements of H2O ice at low temperature in vacuum
typically use ice thinner than hundreds of nanometers: i.e., d =
λ (Hagen et al. 1981; Mastrapa et al. 2009). In such cases, the
thin sample’s absorbance is induced by the electric field at
optical interfaces (vacuum–sample–substrate interfaces) differ-
ent from the far field (Hasegawa 2017). Itoh et al. deduced
from Maxwell’s equations an analytical expression for the
absorbance of a thin sample in a typical, five-layer, symmetric
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double-sided vapor-deposited ice system (vacuum/thin sam-
ple/IR-transparent substrate/thin sample/vacuum) used in
laboratory studies (Itoh et al. 2009). They expressed the
absorbance of a thin sample for normal incidence using linearly
polarized IR light ( q=Athin

0) as follows:
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where n1 and n3 are the refractive indices of vacuum and the
substrate, respectively; the coefficient a expressed by n1 and n3
results from the optical interface effects and k2xy is the x- and y-
components of the imaginary part of the complex refractive
index of the thin sample (Figure 1 defines the x-, y-, and z-
directions). A uniaxial system (k2x= k2y= k2xy) is assumed
here for simplicity, and k2xy and k2z (z-component) are related
to optically isotropic k2 in Equation (1) as follows (Shioya et al.
2020):
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In contrast to the bulk absorbance, A in Equation (1), q=Athin
0 is

influenced by n1, n2, and n3 as shown in Equations (2) and (3).
Supporting this, a clear correlation between the absorbance of
organic thin film q=Athin

0( ) and the substrate’s refractive index
(n3) has been reported (Umemura et al. 1990). In addition,

q=Athin
0 contains the transverse optic (TO) energy-loss function of

the thin sample (2n2k2xy). This means that only the surface-
parallel (in-plane, IP) vibration is observed in the IR spectrum
of a thin sample, without the surface-perpendicular (out-of-
plane, OP) vibration given by k2z (Umemura et al. 1990; Itoh
et al. 2009; Hasegawa 2017; Hasegawa & Shioya 2020).
However, σ requires by definition the isotropic k2 in
Equation (1), meaning that it is inaccurate to calculate σ from
the IR spectrum of thin H2O ice measured using conventional
normal-incidence transmission. To measure σ for dangling OH
bonds, it is necessary to measure both k2xy and k2z, correct the
optical interface effects expressed by n1, n2, and n3, and obtain
the isotropic k2.
Here, we report experimental IR multiple-angle incidence

resolution spectrometry (IR–MAIRS) measurements of σ for
dangling OH bonds in amorphous water (Figure 1 and see also
the Appendix for details). IR–MAIRS is a spectroscopic
method combining oblique incidence transmission measure-
ments and multivariate analysis to retrieve both pure in plane
(IP) (k2xy) and out of plane (OP) (k2z) vibration spectra for a
thin sample. It was originally developed for quantitative
molecular orientation analysis of organic thin films without
the use of optical parameters (Shioya et al. 2019; Hama et al.
2020; Hasegawa & Shioya 2020). This study employs IR–
MAIRS to measure the IP and OP spectra of dangling OH
bonds in amorphous water, and derive the absolute value of σ
without the contributions of n1, n2, and n3 based on analytical
expressions for the IP and OP spectra.

2. Results and Discussion

We first verified the detectability by IR–MAIRS of dangling
OH bonds in microporous amorphous water (Stevenson et al.
1999; Hama & Watanabe 2013; He et al. 2019; Noble et al.
2020). In this study, amorphous water samples were prepared

Figure 1. IR–MAIRS measurement system. Panel (A): Oblique incidence transmission measurements in a five-layer system (vacuum/thin sample/substrate/thin
sample/vacuum). d is the thickness of the thin sample. θ is the angle of incidence. Solid double-headed arrow shows the direction of the electric field vector for
p-polarized radiation, which can be divided into x- and z-direction components (dashed double-headed arrows). ⊗ shows the direction of the electric field vector for
the s-polarized radiation (i.e., the y-direction). IR–MAIRS collects IR spectra of the thin sample at θ = 45° with seven polarization angles (f) from s-polarization
(f = 0°) to p-polarization (f = 90°) in 15° steps. Panels (B) and (C): Pure IP (k2xy) and OP (k2z) spectra are calculated using classical least-squares regression (see also
the Appendix for details).
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using H2O with 3.5 mol% HDO to allow measurement of the
OD stretching vibration decoupled from intramolecular and
intermolecular OH stretching vibrations (Franks 1972; Klug
et al. 1987; Hama et al. 2017). The decoupled OD stretching
vibration band was used to validate the IR–MAIRS measure-
ments and analysis in the present study (see the Appendix for
details). The contribution of the surface HDO molecules to
dangling OH bonds should be negligible considering its small
concentration of 3.5 mol%.

Figure 2(A) shows the IP and OP spectra of dangling OH
bonds in microporous amorphous water on a Si substrate at 10
K as a function of gas exposure time. The pressure in the
chamber is 2.2 × 10−6 Pa during water exposure (for details,
see the Appendix). Both spectra include two peaks at 3720 and
3696 cm−1 for dangling OH in two- and three-coordinated
molecules, respectively. Both peaks’ band intensities increased
as the ice thickness increased during gas deposition over
32–128 minutes; this trend is characteristic of the formation of
microporous amorphous water having a large internal surface
area. Stevenson et al. showed that amorphous water becomes
increasingly porous with decreasing deposition temperature
�77 K: their N2 adsorption measurements showed an apparent
surface area of 2700 m2 g−1 at 22 K versus 640 m2 g−1 at 77 K
(Stevenson et al. 1999). Similar band shapes and intensities
between the IP and OP spectra at 10 K at each exposure time
for 32–128 minutes indicate the isotropic nature (random
orientation) of the dangling OH bonds in the internal pore
surface (Hama et al. 2020; Hasegawa & Shioya 2020; Shioya
et al. 2020).

Overlap of the two dangling OH peaks complicates the
measurement of σ. Therefore, we prepared nonporous amor-
phous water by vapor deposition at 90 K; it exhibited only the
three-coordinated dangling-OH peak (Bahr et al. 2008; Hama
& Watanabe 2013; Bu et al. 2015; He et al. 2019). The OP and
IP spectra in Figure 2(B) show no peak at 3720 cm−1 for two-
coordinated molecules at 90 K; however, the OP spectra
includes the peak at 3696 cm−1 for three-coordinated
molecules. The corresponding IP spectra does not show this
peak. The peak’s intensity in the OP spectra remain constant at
each exposure time for 32–128 minutes (Figure 2(C)). These
results suggest that three-coordinated dangling OH bonds in
nonporous amorphous water at 90 K are located at the top ice
surface and oriented perpendicular to it. We also confirm that
the peak at 3696 cm−1 is invisible using normal-incidence
transmission at 90 K (Figure 2(C)), supporting that IR–MAIRS
is required to measure σ.

The number density of three-coordinated dangling-OH
bonds at 90 K is estimated using methanol (CH3OH) deposition
because it creates hydrogen bonds with dangling OH bonds and
quenches the peak at 3696 cm−1 (Bahr et al. 2008). Figure 3(A)
shows the disappearance of this peak during CH3OH deposi-
tion at 2.2± 0.2× 10−8 Pa, which corresponds to a flux of
7.8± 0.9× 1010 molecules cm−2 s−1. The dangling-OH peak
at 3696 cm−1 decreases after 2.5 minutes of deposition, and
completely vanishes after 6.5 minutes. In addition, a new peak
for the CO stretching band of CH3OH appears at 1033 cm−1

only in the OP spectra after CH3OH deposition (Figure 3(B)).
This result indicates that the CO stretching band of CH3OH has
a strong perpendicular orientation to the amorphous water
surface plausibly by hydrogen-bond formation with the
three-coordinated dangling OH bonds (Dawes et al. 2016).

Figure 2. IP and OP spectra of amorphous water on a Si substrate at
3750–3660 cm−1. (A) Amorphous water at 10 K as a function of water
exposure time. (B) Amorphous water at 10 K and 90 K formed after 32 minutes
of water exposure. (C) Amorphous water at 90 K as a function of water
exposure time. Bottom black line in (C) shows normal-incidence IR spectrum
(θ = 0°, f = 90°) for amorphous water formed after 32 minutes of water
exposure. The pressure in the chamber is 2.2 × 10−6 Pa during water exposure.
The amorphous water samples were prepared using H2O with 3.5 mol% HDO
(see the Appendix for details).
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Bahr et al. assigned the peak at 1034 cm−1 to CH3OH species
directly interacting with the amorphous water surface by
hydrogen-bonding (Bahr et al. 2008). Repeated experiments
show that CH3OH deposition for 6.5 ± 0.5 minutes is required
to fully quench the peak. This corresponds to an exposure of
3.1± 0.4× 1013 molecules cm−2 s−1. We also calculated the
amount of CH3OH adsorbed on the amorphous water surface as
3.5 ± 0.4 × 1013 molecules cm−2 from the CO stretching band
area at 1050–1020 cm−1 in the OP spectra using the band

strength of 1.59–1.69 × 10−17 cm molecule−1 (Luna et al.
2018), which is in good agreement with the amount of CH3OH
exposure (for details, see the Appendix). Based on these results,
we estimate the number density of three-coordinated dangling-
OH bonds at 90 K as 3.3 ± 0.6 × 1013 molecules cm−2.
Analytical expressions for the IP and OP spectra obtained by

IR–MAIRS are theorized by Itoh et al. (2009) and Shioya et al.
(2019). In short, Shioya et al. showed both experimentally and
theoretically that the IP spectrum (AIP) quantitatively corre-
sponds to the normal-incidence transmission spectrum, q=Athin

0

(see the Appendix for details; Shioya et al. 2019).
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where H is a substrate-specific correction factor (0.33 for Si)
that accounts for the intensity ratio of the electric fields at the
optical interface along the surface-parallel and surface-
perpendicular directions (Shioya et al. 2019). Because
amorphous H2O vapor-deposited at 80–100 K has values of
k2 that are approximately 2 orders of magnitude smaller than n2
(k2 =n2) at 3750–3650 cm−1 in the bulk (Mastrapa et al.
2009), Equation (6) simplifies to
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and AOP even for a thin sample (Shioya et al. 2020):

l
p

=
+

=
+

k
k k

A n HA

dan

2

3
2

3

ln 10

16
10

xy z
2

2 2

IP 2
4

OP

2

⎜ ⎟
⎛
⎝

⎞
⎠

( )

s
p
l
p
l

l
p

=

=
+

=
+

dk

N

d

N

A n HA

dan

A n HA

an N

4

4 2

3

ln 10

16

2

3

ln 10

4
. 11

2

IP 2
4

OP

2

IP 2
4

OP

2

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )

Figure 3. IP and OP spectra of amorphous water on a Si substrate at 90 K as a
function of CH3OH exposure time. (A) 3750–3660 cm−1 for the dangling-OH
peak and (B) 1060–1010 cm−1 for the CO stretching band of CH3OH.
Amorphous water was prepared at 90 K by 32 minutes of water exposure (H2O
with 3.5 mol% HDO) at 2.2 × 10−6 Pa before CH3OH exposure. The pressure
in the chamber is 2.2 × 10−8 Pa during CH3OH exposure.
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The band strength β (cmmolecule−1) can be also obtained by
integrating s n( ) at n= 3710–3680 cm−1.
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where nAIP ( ) and nAOP ( ) is the IP and OP absorbance at a given
wavenumber (n), respectively. This study uses n1= 1 for
vacuum, n2= 1.26 for amorphous water at 90 K (Kofman
et al. 2019), and n3=3.41 for Si (Tasumi 2014; Shioya et al.
2019). Hence, a= 0.290 and n2

4H= 0.832. Seven independent
measurements for amorphous water formed after 32minutes of
exposure at 90 K gave AIP = 0 [  ò n n =A d 0IP ( ) (cm−1)] and

n HA2
4

OP = 6.2 ± 0.4 × 10−5 at 3696 cm−1 [  ò n nn H A d2
4

OP ( )
= 8.4± 0.4× 10−4 (cm−1)], considering amorphous water
formed on both sides of the Si substrate. Therefore, σ is derived
as 1.0 ± 0.2 × 10−18 cm2 at 3696 cm−1 from Equation (11) by
adopting N= 3.3± 0.6× 1013 molecules cm−2. β is also
derived as 1.4 ± 0.3 × 10−17 cm molecule−1 at n = 3710–3680
cm−1 from Equation (12).

Table 1 summarizes band strength values for water. The
present experimental values (1.4 ± 0.3 × 10−17 cm
molecule−1) are in good agreement with a recent theoretical
calculation by Maté et al. (1.2 × 10−17 cm molecule−1; Maté
et al. 2021). Although similar band strengths have been
assumed between dangling and bulk OH bonds on and in ice,
respectively (McCoustra & Williams 1996), the three-coordi-
nated dangling-OH bonds show more than 1 order of
magnitude smaller band strengths than bonds in bulk
amorphous and crystalline ices and liquid water (Schaaf &
Williams 1973; Mastrapa et al. 2009; Max & Chapados 2009).
This indicates that the hydrogen-bonding networks in bulk ice
and liquid water significantly enhance the IR absorption (Ohno
et al. 2005; Gorai et al. 2020). Table 1 also shows the band
strengths for the antisymmetric OH stretching vibration of H2O
monomers confined in solid matrices of CO, N2, and O2

(Ehrenfreund et al. 1996). The band strengths range from
3.3 × 10−18 cm molecule−1 to 1.1 × 10−17 cm molecule−1

depending on the solid matrices (Hujo et al. 2011; Maté et al.
2021), whereas these values are smaller than the band strength
of the three-coordinated dangling-OH bonds (1.4 ± 0.3 ×
10−17 cm molecule−1). This suggests that the dipole moment of
a three-coordinated molecule at the amorphous water surface is

enhanced by surrounding water molecules (Gregory et al. 1997;
Hodgson & Haq 2009), which leads to an increase in the band
strength of the three-coordinated dangling-OH bonds compared
with H2O monomers confined in solid matrices. To understand
the effects of the hydrogen-bond coordination number, the
absolute band strength of the two-coordinated dangling-OH
bonds are necessary. More detailed investigation including
measurements of σ and band strength for the two-coordinated
dangling-OH bonds is in progress to clarify the surface
structure and properties of interstellar ices.

This work was supported by JSPS Kakenhi grant Numbers
21H01143 and 21H05421.

Appendix

A.1. Low-temperature, Ultrahigh-vacuum IR–MAIRS
Apparatus

Details of the experimental setup for low-temperature,
ultrahigh-vacuum infrared multiple-angle incidence resolution
spectrometry (IR–MAIRS) are described elsewhere (Hama
et al. 2020). Hence, only a brief outline is given here. The
apparatus consists of a vacuum chamber and a Fourier
transform infrared (FT–IR) spectrometer. The chamber was
evacuated to ultrahigh-vacuum conditions (base pressure 10−7

Pa at room temperature) using a turbo molecular pump (STP-
451, Edwards). A Si(111) substrate (40× 40× 1 mm; Pier
Optics Co., Ltd.) and a copper sample holder were connected
with indium solder. The sample holder was connected to the
cold head of a closed-cycle He refrigerator (RDK-101D,
Sumitomo Heavy Industries) and installed in the vacuum
chamber using a bore-through rotary feedthrough (KRP-152,
Kitano Seiki Co., Ltd.). As the He refrigerator and Si substrate
were freely rotatable by the rotary feedthrough, the angle of
incidence of the IR beam (θ) could be varied by rotating the Si
substrate within the accuracy of± 0°.5. The Si substrate in the
chamber was installed in the sample compartment of the FT–IR
spectrometer (Nicolet iS50, Thermo Fisher Scientific) in
transmission geometry across two ZnSe windows (3 mm in
thickness) in the chamber. The temperature of the Si substrate
was measured using a Si diode sensor (DT-670, Lakeshore)
placed in the copper sample holder and controlled with an
accuracy of ±0.2 K using a temperature controller (Model 325,
Lakeshore) and a ceramic heater (40W).
Purified H2O (resistivity�18.2 MΩ cm at 298 K) from a

Millipore Milli-Q water purification system was mixed with

Table 1
Summary of Band Strengths [cm molecule−1] for Water

Species Band strength (wavenumber range)

Dangling OH at 90 K (This study) 1.4 ± 0.3 × 10−17 (3710–3680)
Dangling OH (Calculation) (Maté et al. 2021) 1.2 × 10−17 (3700–3640)
Amorphous water at 80 K (Mastrapa et al. 2009) 2.9 × 10−16 (4320–2956)
Crystalline ice at 267–273 Ka (Schaaf & Williams 1973) 2.3 × 10−16 (3900–2700)
Liquid water at 295–298 Ka (Max & Chapados 2009) 1.5 × 10−16 (3900–2700)
Monomer in solid CO at 10 K (Ehrenfreund et al. 1996) 1.1 × 10−17 (3707)b

Monomer in solid N2 at 10 K (Ehrenfreund et al. 1996) 7.8 × 10−18 (3726)b

Monomer in solid O2 at 10 K (Ehrenfreund et al. 1996) 3.3 × 10−18 (3732)b

Notes.
a See the Appendix for details of the band strength calculations for crystalline ice and liquid water.
b Asymmetric OH stretching vibration.

5

The Astrophysical Journal Letters, 923:L3 (8pp), 2021 December 10 Nagasawa et al.



2.0 wt% (1.8 mol%) D2O (deuteration degree >99.9%, Merck)
to obtain a water sample containing about 3.5 mol% HDO with
a negligible amount of D2O. As described in the IR–MAIRS
measurements and analysis section, the water sample contain-
ing HDO facilitated measurement of the OD stretching
vibration of HDO molecules in the bulk ice decoupled from
intramolecular and intermolecular OH stretching vibrations
(Figure 4 in the Appendix of this article; Hama et al. 2017).
The decoupled OD stretching vibration band was used to
confirm the formation of amorphous ice, because its peak
frequency is sensitive to the local lattice structure (oxygen–
oxygen distance) in the ice (Franks 1972; Klug et al. 1987;
Hama et al. 2017). For reference, crystalline ice I at 90 K shows
a sharp single peak at 2417 cm−1 in the decoupled OD
stretching vibrational region (Franks 1972; Hama et al. 2017).
The contribution of the surface HDO molecules to dangling
OH bonds should be negligible considering its small
concentration of 3.5 mol%.

Water was first degassed by several freeze–pump–thaw
cycles, and then background vapor deposited at ´-

+2.2 0.6
1.3 10−6

Pa to form amorphous water, which corresponds to a flux of
-
+8.0 2.1

4.4 × 1012 molecules cm−2 s−1. The pressure was measured
using a cold cathode gauge (423 I-Mags® Cold Cathode
Vacuum Sensor, MKS) and calculated using the gas correction
factor for H2O (1.25± 0.44) (Nakao 1975). Hence, amorphous
water formed by vapor deposition for 32, 64, and 128 minutes

corresponds to exposures of -
+1.5 0.4

0.8 × 1016, -
+3.1 0.8

1.7 × 1016, and

-
+6.2 1.6

3.3 × 1016 molecules cm−2, respectively. For reference, the
lattice parameters of hexagonal ice indicate about 1.0× 1015

molecules cm−2 on the surface (Petrenko & Whitworth 1999).
The methanol deposition experiments used CH3OH (99%;

Nacalai Tesque, Inc., Kyoto, Japan). The deposition pressure
was calculated as 2.2± 0.2× 10−8 Pa using the gas correction
factor for CH3OH (1.69–2.12) (Bartmess & Georgiadis 1983;
Levis et al. 1989; Schulte et al. 1994). The flux of CH3OH was
estimated as 7.8± 0.9×1010 molecules cm−2 s−1.

A.2. IR–MAIRS Measurements and Analysis

IR–MAIRS is well established for the molecular orientation
analysis of organic thin films through measuring both the pure
IP and OP vibration spectra. Recent articles and a textbook
detail the measurement and analytical procedures of IR–
MAIRS (Hasegawa 2017; Shioya et al. 2019; Hasegawa &
Shioya 2020). In short, the angle of incidence (θ) was kept at
45° during measurements, which is the optimal angle for a Si
substrate in IR–MAIRS (Shioya et al. 2019). The FT-
modulated IR light was passed through an angle-controllable
wire-grid linear ZnSe polarizer incorporated in the FT–IR
spectrometer, and oblique incidence transmission measure-
ments were taken at θ= 45° at seven polarization angles from
f= 0° (s-polarization) to 90° (p-polarization) in 15° steps. A
mercury cadmium telluride detector detected the IR light, and
the intensity of the transmitted IR light was measured as a
single-beam measurement by the FT–IR (Shioya et al. 2019;
Hama et al. 2020). The accumulation number of the single-
beam measurements was 1000 (615 s) for each polarization
angle with a resolution of 4 cm−1. The total measurement time
was 4305 s (72 min) for one IR–MAIRS measurement.
The intensity of the transmitted IR light measured as single-

beam spectra (sobs) with polarization angle f and incident angle
θ (fixed at 45°) is expressed as a linear combination of the IP
and OP polarization components (sIP and sOP, respectively)
with weighting ratios (rIP and rOP, respectively) and nonlinear
noise factors U (e.g., reflected IR light).

= + +s s s Ur r A1obs IP IP OP OP ( )

The collection of the jth single-beam spectrum, sobs,j ( j= 1,
2, ..., 7), at a polarization angle of fj ( j= 1, 2, ..., 7) forms the
matrix, S, and the linear combination part can be tied up using
classical least-squares regression (Equation (A2)):



 

=

= +

º +

S

s
s

s

s
s U

R
s
s U

r r
r r

r r

A2

obs,1

obs,2

obs,7

IP,1 OP,1

IP,2 OP,2

IP,7 OP,7

IP

OP

IP

OP

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
( )

( ) ( )

where R is a matrix of weighting coefficients of rIP,j ( j= 1,
2...7) and rOP,j ( j= 1, 2 ...7) for sIP and sOP, respectively. Itoh

Figure 4. Normal-incidence (θ = 0°, f = 90°), IP and OP spectra for
amorphous water on a Si substrate at 90 K. (A) OH stretching vibrational
region. (B) Decoupled OD stretching vibrational region. Amorphous water was
prepared at 90 K by 32 minutes exposure of H2O (with 3.5 mol% HDO) at
2.2 × 10−6 Pa. The IP and OP spectra’s vertical axes (absorbance) are AIP and
n HA2

4
OP in Equations (5) and (7), respectively, because they reflect k2xy and k2z

with the common ordinate scale as AIP/ n2
4HAOP = k2xy/k2z.
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et al. and Shioya et al. theoretically deduced R as

 

g f f q q q f q

g f f q q q f q

g f f q q q f q

=
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+ +

+ +

A3
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( )
( )

( )

where γ is the intensity ratio of the s-polarized light to the
p-polarized light when measured without a substrate (Itoh et al.
2009; Shioya et al. 2019). U is a “garbage matrix” that receives
the nonlinear responses to R: that is, noise factors are rejected
in the classical least-squares regression calculation and pooled
in U as an error term. Equation (A2) means that sIP and sOP can
be calculated as the least-squares solution of the classical least-
squares regression equation as

= -s
s R R R S. A4IP

OP
T 1 T( ) ( ) ( )

After obtaining sIP and sOP, the IP and OP absorbance spectra
( qAIP and qAOP, respectively) can be obtained as follows:

= -q s

s
A log A5

s

bIP 10
IP

IP

( )

= -q s

s
A log , A6

s

bOP
OP

OP

( )

where the superscripts b and s indicate background and sample
measurements, respectively.

According to previous studies (Itoh et al. 2009; Shioya et al.
2019), qAIP originally corresponds to the s-polarized transmis-
sion spectrum measured at the incidence angle of θ.

p
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where n1 and n3 are the refractive indices of vacuum and
the substrate, respectively. q q=n nsin sin1 3 3 , and thus,

q q= -n n ncos sin3 3 3
2

1
2( ) . 2n2k2xy is the TO energy-loss

function, where n2 and k2xy are the real part and the x- and y-
components (surface-parallel component) of the imaginary part
of the complex refractive index of the thin sample (Figure 1
defines the x- and y-directions). Thus, absorbance correction is
performed to make the IP spectrum quantitatively coincide with
the normal-incidence transmission spectrum ( q=Athin

0 in
Equation (2) in the main text). This is easily done by

calculating the intensity ratio of ¢a a .

=
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xyIP 2 2
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AIP in Equation (A10) is identical to that in Equation (5) in the
main text. In this study, n1= 1 for vacuum, n2= 1.26 for
amorphous H2O at 90 K (1.16 at 10 K) (Kofman et al. 2019),
and n3= 3.41 for the Si substrate (Tasumi 2014; Shioya et al.
2019), and the values for ¢a and a were calculated as 0.3840
and 0.2896, respectively. Therefore,

¢
= =

a

a

0.2896

0.3840

1

1.326
. A11( )

Shioya et al. confirmed experimentally that q
¢
Aa

a IP (= AIP)
corresponds quantitatively to the normal-incidence transmis-
sion spectrum q=Athin

0( ) (Shioya et al. 2019). We also confirmed
that the IP spectrum ( q

¢
Aa

a IP = AIP) and normal-incidence

spectrum ( q=Athin
0) for amorphous water at 90 K formed by

32 minutes of vapor exposure have almost identical decoupled-
OD stretching bands in terms of peak wavenumber (2433 cm−1

for both AIP and
q=Athin

0), height (0.00057 for AIP and 0.00058 for
q=Athin

0), width (61 cm−1 FWHM height for both AIP and
q=Athin

0),
and area [0.0373 (cm−1) for AIP and 0.0374 (cm−1) for q=Athin

0 at
2520–2376 cm−1) (Figure 4). This validates the IR–MAIRS
measurements and analysis in the present study. For reference,
the IP and OP spectra of amorphous water show substantially
different band shapes in the OH stretching vibrational region
(Figure 4). Because IR–MAIRS can obtain TO and LO energy-
loss functions as IP and OP spectra, respectively, this IP−OP
band shift originates from the TO− LO splitting, which is
induced by the dispersion of n2 induced by the large k2 values,
namely, the strong IR absorption in the OH stretching
vibrational region (Mastrapa et al. 2009; Hama et al. 2020).

qAOP is expressed as follows with the LO energy-loss
function, +n k n k2 z z2 2 2

2
2

2 2( ) (Itoh et al. 2009; Shioya et al.
2019):

p
l

=
¢

+
qA

da

H

n k

n k

8

ln 10

2
, A12z

z
OP

2 2

2
2

2
2 2

( )
( )

( )

where H is the substrate-specific correction factor (0.33 for Si)
to account for the intensity ratio of the electric fields at the
optical interface along the surface-parallel and surface-
perpendicular directions (Shioya et al. 2019). Following the
same absorbance correction, AOP in Equation (6) in the main
text is obtained.

p
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The base lines of the spectra in Figures 2 and 3 in the main text
are corrected and offset for clarity. The IP and OP spectra’s
vertical axes (absorbance) are AIP and n HA2

4
OP in Equations (5)

and (7), respectively, because they reflect k2xy and k2zwith the
common ordinate scale as AIP/ n HA2

4
OP = k2xy/k2z.

A.3. The Number Density of CH3OH Adsorbed on the Surface
of Amorphous Water

The number density of CH3OH adsorbed on the amorphous
water surface is estimated from the C–O stretching band at
1033 cm−1 (Figure 3(B)). In our setup, the number density (N,
molecules cm−2) can be calculated by rearranging Equation
(12) in the main text as follows.

   ò òn n n n

b

= +

´

N A d
n H

A d

an

2

3 3
ln 10

4
. A14

IP
2

4

OP

2

⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( )

( )

Equation (A14) shows that the number density of CH3OH can
be calculated from the IP and OP peak areas at n = 1050–1020
cm−1 when the band strength β (integrated absorption cross
section) is available. This study uses the band strength reported
for amorphous CH3OH (β= 1.59–1.69 × 10−17 cm
molecule−1; Luna et al. 2018), considering a broad single
peak at 1033 cm−1 (Figure 3(B)). Repeated experiments show
that CH3OH deposition for 6.5 ± 0.5 minutes is required to
fully quench the peak. This corresponds to  ò n nA dIP ( ) = 0

(cm−1) and  ò n nn H A d2
4

OP ( ) = 1.1± 0.1× 10−3 (cm−1),
considering CH3OH is adsorbed on both sides of the Si
substrate. Hence, the number density of CH3OH is estimated as
N= 3.5 ± 0.4 × 1013 molecules cm−2. Because the coverage
of CH3OH (less than 0.1 monolayer) is much smaller than that
of amorphous water (about 15 monolayers), the refractive index
of amorphous water at 90 K (1.26) was used as a good
approximation for n2 (Kofman et al. 2019; Hama et al. 2020).

A.4. Band Strength Calculations for Crystalline Ice and Liquid
Water

The band strengths for crystalline ice and liquid water in
Table 1 in the main text are calculated using reported values for
the imaginary part of the complex refractive index, nk ( ), at n=
3900–2700 cm−1. Schaaf and Williams reported values for
crystalline ice at 267 K (Schaaf & Williams 1973), and Max
and Chapados gave values for liquid water at 295 K (Max &
Chapados 2009). The absorption coefficients (α, cm−1) at n=
3900–2700 cm−1 are calculated from nk :( )

  a n p n n= k4 . A15( ) ( ) ( )

Considering the densities of crystalline ice (D= 0.91668 g cm−3

at 273 K) and liquid water (D= 0.99708 g cm−3 at 298 K)
(Kell 1967; Petrenko & Whitworth 1999), the mean molecular
mass of H2O (MH2O = 18.015 gmol−1) (Petrenko & Whitworth
1999), and Avogadro’s constant (NA= 6.0221× 1023 mol−1)
(Petrenko & Whitworth 1999), the absorption cross sections

(σ, cm2) at a given wavenumber (n) can be derived as




s n
a n

=
M

DN
. A16H O

A

2( )
( )

( )

The band strength β (cmmolecule−1) is obtained by integrating
s n( ) at n= 3900–2700 cm−1.

 òb s n n= d . A17( ) ( )
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