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Mid- and far-infrared spectra of condensed ethanol (CH3CH2OH) at 10–160 K are presented, with a special focus
on amorphous ethanol, the form of greatest astrochemical interest, andwith special attention given to changes at
155–160 K. Infrared spectra of amorphous and crystalline forms are shown. The refractive index at 670 nm of
amorphous ethanol at 16 K is reported, along with three IR band strengths and a density. A comparison is
made to recent work on the isoelectronic compound ethanethiol (CH3CH2SH), and several astrochemical appli-
cations are suggested for future study.
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1. Introduction

Some years ago our research group was engaged in the measure-
ment of far-infrared spectra for upcomingNASA and ESA spacemissions
involving infrared instrumentation. Most of our far-IR work was pub-
lished at the time [1], and has since been used by astronomers and
terahertz spectroscopists [2], but a new paper in this journal recently
reminded us of some of our unpublished results. The focus of most of
our research is infrared spectra of small-molecule amorphous and crys-
talline solids at 8–250 K, with an emphasis on amorphous ices below
100 K. Their IR spectra are used to study the low-temperature chemistry
of interstellar clouds and of extraterrestrial objects in our solar system,
such as ice-covered moons and trans-Neptunian objects. See Boogert
et al. or Gudipati and Castillo-Rogez for examples [3,4]. To date, astro-
nomical observations from ground- and space-based observatories
have provided IR evidence for about a dozen extraterrestrial molecules
and ions in the solid phase. Although our title molecule is not among
that dozen, laboratory studies of the physical properties and chemical
reactions of many yet-undetected species are invaluable for under-
standing how molecules in extraterrestrial environments can form
and evolve.

Of the organicmolecules identified in ices by astronomers, methanol
(CH3OH) has received the most detailed and widespread attention,
whereas solid ethanol (C2H5OH) has almost been ignored by laboratory
astrochemists. The recent work of Oba et al. [5] is an exception, making
extensive use of earlier IR studies [6,7]. In general, however, a lack of
information on amorphous C2H5OH, the form expected in many extra-
terrestrial environments, hinders an understanding, evaluation, and
possible observation of ethanol-ice by infrared astronomers. We ad-
dress this situation in the present paper, beginning with a brief presen-
tation of our earlier far-IR results on amorphous and crystalline ethanol,
followed by much newer mid-IR studies. Spectra are presented, appar-
ently for the first time, of amorphous and crystalline ethanol made in
a single experiment within the same vacuum chamber. We include
values of band strengths for three IR features, a refractive index for
amorphous ethanol, a density estimate, and details on phase changes.
Our goal is not new detailed spectral analyses and band assignments,
but rather the information that IR data can provide on amorphous
C2H5OH.

2. Experimental

Nearly all of our laboratory procedures and equipment have been
described in earlier papers, so a detailed presentation will not be
given [8]. Our far-IR spectra were recorded with 4-cm−1 resolution on
a Mattson Polaris FTIR spectrometer in 1992 using a polyethylene
substrate [1]. Our mid-IR spectra were measured recently with a new
Thermo iS50 FTIR instrument and a KBr substrate, using 100 scans per
spectrum and a resolution of 0.5 cm−1. The high-vacuum chambers
(base pressure ~ 10−8) and deposition systems were similar for the
two sets of measurements, except that the smaller vacuum chamber
had a volume of about 100 cm3, whereas the larger chamber has a vol-
ume of ~300 cm3. Deposition rates typically gave an increase in the ice's
thickness of 1–2 μm h−1. In all cases, the IR beam was unpolarized and
perpendicular to the plane of the ice sample. Changes in sample
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Fig. 2. Mid-IR spectra of ethanol deposited at 10 K and warmed to 155 and 160 K. The
sample's original thickness was about 1.5 μm. Spectra have been offset vertically for
clarity. Note that the scale of (c) has been expanded by a factor of two to show detail.
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temperature, both warming and cooling, were conducted with the
vacuum chamber open to the interfaced, dedicated turbo-molecular
pumps. Ethanol (undenatured absolute) and methanol were purchased
from Pharmaco and Sigma Aldrich, respectively, and used as received,
aside from degassing with freeze-pump-thaw cycles using liquid
nitrogen.

3. Results

Fig. 1 shows far-IR spectra of solid ethanol formed by vapor-phase
deposition onto a polyethylene substrate held at 13 K. The spectra are
somewhat noisy, but the rounded appearance of the peaks in (a) sug-
gests that the initially formed ethanol-ice was amorphous, as is the
case with nearly all organic compounds we have studied under similar
conditions. As the ethanol sample was warmed, subtle changes were
seen in its spectrum, probably reflecting the solid-phase alterations
reported by others [9,10]. However, by 115–120 K, considerable sharp-
ening of all spectral bandswas observed, indicating the sample's crystal-
lization. These changes are readily seen by comparing traces (a) and (b)
in Fig. 1. Few additional changes were met on further warming to 150–
155 K, but at 160 K the IR bands of crystalline ethanol returned to their
original rounded shapes, shown in trace (c) and suggesting a loss of
crystallinity. Recooling to 13K gave little further change, but rewarming
to 120 K again gave the far-IR spectrum shown in (b) and further
warming to ~160 K once more gave a spectrum resembling (c). In
other words, a temperature sequence along the lines of (a) → (b) →
(c) → (a) from Fig. 1 was followed with the IR spectra showing a gain
and loss of crystallinity by the sample in each cycle.

These far-IR changes are consistent with recent mid-IR measure-
ments from our laboratory, as presented in Fig. 2. Again, the initially
amorphous ethanol sample of spectrum (a) crystallized on warming
to give spectrum (b), and again the spectrum reverted to one resem-
bling that of amorphous ethanol on additional warming, and again the
temperature sequence (a) → (b) → (c) → (a) could be followed with
the same repetition of spectral changes, subject to one condition de-
scribed below. The temperatures of (b) and (c) in Fig. 2 were chosen
to emphasize the small range over which the (b)-to-(c) conversion
took place. Differences between (a) and (c) exist in the 3600–
3000 cm−1 region, but otherwise the similarities between (a) and (c)
are quite pronounced, as shown in the expansion of Fig. 3.

Table 1 lists peak positions of someof themore distinct IR features in
our spectra of amorphous and crystalline ethanol. These positions agree
with expectations from the literature [11–15], but there are disagree-
ments among previous workers on some of the assignments, mainly
Fig. 1. Far-IR spectra of ethanol deposited at 13 K and warmed to 120 and 160 K. Spectra
have been offset vertically for clarity, but not rescaled. The ethanol sample's thicknesswas
not measured accurately at the time, but was ~10 μm.
those between 1500 and 1300 cm−1 and below 400 cm−1, and there
is considerable mixing among some of the motions. Some of the identi-
fications are straightforward, such as the broad band near 3200 cm−1

being from OH vibrations, the features at 3000–2800 cm−1 being from
symmetric and asymmetric stretches of CH3 and CH2 groups, and the
peak near 1050 cm−1 being from a C\\O stretch.

Repeated tests with ethanol ices between about 0.5 and 8.0 μm in
thickness confirmed that above ~155 K a competition existed between
a sample's loss of crystallinity and its loss to our vacuum system. Our
thicker ices could be put through the temperature sequence of (a) →
(b) → (c) → (a) in Figs. 1–3 multiple times with only small variations
in IR intensities, from loss to the vacuum, in each cycle. In contrast,
our thinner sampleswere lost before the (b)→ (c) conversion occurred.
Burke et al. [11] used temperature-programmed desorption to show
that for even thinner ethanol ices the first change, (a) → (b), shows a
similar thickness dependence, with no crystallization detected for suffi-
ciently thin samples. In all cases, when our ices were left standing at
160 K they were completely lost in few minutes or less depending on
the sample's thickness.

Several observations were made on cooling ethanol samples from
160 K to 10, 80, and 100 K. Recooling the sample of (c) in Fig. 2 to either
10 or 80 K at about 6 K min−1 preserved the spectrum's general
Fig. 3. Expansion of Fig. 2 highlighting the 1600–500 cm−1 region. Note the similarity of
(a) and (c).



Table 1
Positions (cm−1) of selected IR features of ethanol.

ν� (amorphous, 10 K) ν� (crystalline, 155 K)

3377, 3298 (broad) 3285, 3247, 3177
2972 2986, 2977, 2970
2930 2928
2897 2911
2874 2879
1487 1488
1478 1477
1457 1461, 1455
1448 1446
1423 1426
1380 1383, 1373

1357
1326 1325
1275 1278
1090 1094
1050 1055, 1045
886, 879 890, 881
804 803

741
657 (broad)
460, 431 466, 428
300

275
246 245

218
191

139 136
117
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appearance. No spectral changes were seen on allowing such ices to
stand overnight at either 10 or 80 K, but rewarming them to ~120 K al-
ways regenerated the spectrum of crystalline ethanol in (b) of Fig. 2.
Conversely, when the sample of (c) at 160 K was cooled to only 110 K
and held there, it inevitably recrystallized in a few hours or less.

The only other changes we wish to document concern the broad
3600–3000 cm−1 band of amorphous ethanol. Fig. 4 shows how this
feature changed on warming. Ongoing from 10 to 25 K, there was a
slight sharpening and a shift in the peak's position, which ended by
about 75 K. Subtle additional changes in the peak's shape and position
were observed on warming from 100 to 112 K. After about an hour at
Fig. 4. Ten IR spectra showing changes in the OH and CH stretching regions on warming
amorphous ethanol from 10 K to the temperatures indicated. The sample's original
thickness was about 1.5 μm. The dotted vertical lines are to assist in judging changes in
spectral band shapes and positions. Spectra have been offset vertically for clarity.
114 K evidence of crystallization, the sharp features, appeared, and fur-
ther warming gave fully crystalline ethanol. None of these changes
could be reversed by cooling the crystalline sample, and no such chang-
es were seen with other IR features below 120 K. The only way to re-
verse the trends in Fig. 4 was to warm the sample to 160 K and then
to quickly cool it, with the results already described. Even then, spec-
trum (a) in our Fig. 4 was never recovered, but rather the spectrum
after annealing most resembled those at 100 or 106 K in the middle of
the same figure.

Related to all of our experiments was the need to quantify the thick-
ness of each sample. We addressed this problem by measuring the re-
fractive index of amorphous ethanol and using standard relations to
calculate an ice thickness from interference fringes [8]. Multiple mea-
surements at 16 K by two-laser interferometry gave n(670 nm) =
1.26 ± 0.01. Support for this value comes from an independent mea-
surement by Dobryshev et al. [16] that gave n(633 nm) = 1.25 ± 0.02
at 16 K with the same technique we used.

Ice thicknesses also can bedeterminedbyusing absolute band inten-
sities (A) and absorption coefficients (α) derived from optical constants,
but these have not been published for amorphous ethanol. As an alter-
native,wemeasured apparent absorption coefficients (α′) and apparent
band strengths (A′) of three ethanol features having minimal overlap
with other absorbances. First, ethanol's room-temperature refractive
index (n) of 1.3611 and density (ρ) of 0.7893 g cm−3 [17] were used
with the Lorentz-Lorenz Eq. (1)

ρ ¼ 1
r

� �
n2−1
n2 þ 2

� �
ð1Þ

to give a specific refraction (r) of 0.2804 cm3 g−1, so that our own n =
1.26 implies a density of 0.584 g cm−3. This density and the usual Beer's
Law plots (correlation coefficients N 0.99) in turn gave the α′ and A′
values summarized in Table 2 for amorphous ethanol. More-accurate
values will require a better determination of ethanol's density near
10 K, or perhaps a measurement of amorphous ethanol's polarizability
near that temperature, from which a better specific refraction can be
found.

It is difficult to compare the ethanol band strengths of Table 2 with
those of other amorphous alcohols as, to our knowledge, none have
been measured directly. The safest comparison seemed to be to record
spectra of amorphous CH3OH (methanol) under the same conditions
we used for amorphous CH3CH2OH (ethanol). Accordingly, three ices
with roughly the same thickness (1.5 μm) were grown at 16 K for
each compound, their IR spectra recorded, and the bands in the 3000–
2800 cm−1 region, for CH stretches, integrated. The CH3OH samples
had a greater integrated absorbance, but with a lower molecular
weight for CH3OH compared to CH3CH2OH, the methanol samples
also had a greater column density of molecules. This resulted
in the two compounds having about the same apparent band strength,
A′ ~ 2 × 10−17 cm molecule−1, in this region given the uncertainties
in the supporting data (n and ρ) for methanol. We plan to return to
this comparison after a more-complete treatment of n and ρ for
CH3OH is available.

4. Discussion

The IR changes of Figs. 1–3 suggest that warming amorphous etha-
nol from ~10 to 160 K under vacuum carried the ice through an amor-
phous-crystalline-amorphous sequence involving two solid-solid
phase transitions. However, solid ethanol has been studied for almost
a century by calorimetric methods, which have established a freezing
point of 159 K for the compound [18]. Therefore, the correct interpreta-
tion of our results is simply that thefirst transition observed, near 120 K,
is a crystallization, and that as the crystalline sample then was warmed
past 159 K it converted into liquid ethanol with a low vapor pressure at
that temperature. When subsequently cooled, the liquid produced an



Table 2
Intensities of three infrared features of amorphous ethanol at 10 K.

ν� (cm−1) α′ (cm−1)a Integration range (cm−1) A′ (10−18 cm molecule−1)b Approximate descriptionc

1090 2746 1113–1067 7.35 CCO asymmetric stretch
1050 6340 1067–1011 14.10 CO stretch
886, 879 1328 920–860 3.24 CCO symmetric stretch

a From the slopes of Beer's Law graphs of 2.303 × (peak height) against ice thickness. In each case, the slope is the apparent absorption coefficient, α′.
b From the slopes of Beer's Law graphs of 2.303 × (band area) against ice thickness. In each case, the slope divided by (ρ NA/MW) gives A′, where MW= molecular weight

= 46.07 g mol−1, NA = 6.022 × 1023 molecules mol−1, and density = 0.584 g cm−3. For recent examples see reference [8].
c Assignments from [11–15], and references therein.

Fig. 5. A comparison of the IR spectra of (a) amorphous solid ethanol at 10 K and (b) the
same sample warmed to 160 K with (c) a spectrum of liquid ethanol at room
temperature. See Section 4 of the text for details. Spectra have been offset vertically for
clarity.
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amorphous solid or perhaps a supercooled liquid, which could be re-
crystallized on again warming to ~120 K. Our assignment of traces (c)
in Figs. 1–3 to liquid ethanol is also supported by a spectrum of the liq-
uid recorded at room temperature, the spectrum being calculated from
optical constants [19,20]. See Fig. 5 for the comparison. The similarity of
the three spectra is particularly striking when one considers the wide
range of temperatures used to record them.

Ethanol at low pressures has an unusually rich set of condensed
phases, and it is interesting to compare our work to what is known
about them [9,10,16,21–23]. With ethanol's phase diagram in mind,
the changes in Fig. 4 for amorphous ethanol's broad 3300-cm−1 feature
on warming correspond roughly to the formation of a second amor-
phous (glassy) solid on warming to ~75 K, and then a change to a
supercooled liquid at 97 K, ethanol's glass transition temperature [18].
The small spectral changes on continued warming past ~110 K can be
attributed to a conversion of the supercooled liquid into a plastically
crystalline phase, and then finally a monoclinic crystalline phase
above about 115 K. Following liquefaction at 160 K, samples then
were cooled at about 6 K min−1, slow enough to suggest that either a
supercooled liquid or the plastic crystalline modification of ethanol
were the first formed, which then converted to the monoclinic phase
on sitting at 115 K. However, liquid ethanol samples that were cooled
and held below 97 K, ethanol's glass transition temperature [18], failed
to recrystallize until the temperature was again raised to 115–120 K,
just as expected for a glass cooled from a melt [24]. The fact that most
of the changes seen on warming from 10 to ~115 K were restricted
to the broad feature around 3300 cm−1 suggests that considerable
rearrangement of the H-bonding network in solid ethanol was occur-
ring. Clearly some of the spectral changes in Fig. 4 are quite subtle,
and more work is needed to explore connections to ethanol's phase
diagram.

Concerning other results, our band strengths and refractive index
n(670 nm) can be used to measure the vapor pressure and enthalpy of
sublimation (ΔHsubl) of solid ethanol [25]. Also, by forming appropriate
ratioswith ourA′ andα′ values, apparent band strengths and absorption
coefficients can be estimated for features in the spectra of solid ethanol
other than those in Table 2, including features in the crystalline phase
and in the near- and far-IR regions. The asymmetric shape of the 883
and 480–420 cm−1 spectral features almost certainly derives from
two ethanol conformational isomers, the trans (anti) and gauche (the
lesser stable) conformers [12,13], but to our knowledge these have
not been studied in neat amorphous ethanol.

Our results also have connections to recent work on an isovalence-
electronic molecule, ethanethiol, by Pavithraa et al. [26]. Those authors
reported changes in the mid-IR spectra of CH3CH2SH strongly resem-
bling what we have presented here for CH3CH2OH. Their amorphous
ethanethiol samples crystallized on warming to about 120 K, but addi-
tional heating to 125–130 K produced IR spectra resembling those of
the original amorphous solid. The authors also found that the changes
observed dependedon the thickness of their CH3CH2SH ices in amanner
similar to what we have found for CH3CH2OH. We do not believe that
such changes should be considered as, in those authors' words, a
“remarkable transformation from crystalline phase to amorphous
phase at higher temperatures”. Given that ethanethiol converts from a
solid to a liquid phase at 125 K [27], a more mundane explanation is
applicable - melting.

5. Conclusions

The original motivation for this paper came from the possible use of
our data by astronomers and astrochemists. However, our spectra show
that most, but not all, of the IR features for CH3CH2OH, and also
CH3CH2SH, overlap with the IR bands of frozen H2O or interstellar sili-
cate grains. Our results also show that methanol and ethanol have sim-
ilar intrinsic band strengths in the regions used for CH3OH detection by
astronomers. Moreover, given the complexity of CH3CH2OH and
CH3CH2SH compared to CH3OH and CH3SH, there is an expectation
that the former pair will be the one of lower abundance. These factors
conspire to make the prospect of a remote-sensing detection of frozen
CH3CH2OH and CH3CH2SH rather dim. Nevertheless, the present work
contains useful results on the temperature ranges for ethanol's solid
phases, the compound's refractive index, the estimate of a density,
and our A′ and α′ measurements. This information can be applied, for
example, in a selection of starting conditions for an IR determination
of branching ratios for ethanol ice's destruction by ionizing radiation.
Needed for such experiments are a choice of temperature, a measure-
ment of the size of the ice sample, and the selection of spectral bands
to monitor, all covered by our work. Similar comments apply to
photodestruction experiments on ethanol ice to determine lifetimes in
various extraterrestrial environments and also to reactions designed
to produce ethanol under interstellar conditions.

The ethanol work presented here, and that published for ethanethiol
[26], show that it is possible to warm an amorphous organic-molecular
solid under high vacuum to where it converts into a liquid, and then to
record its IR spectrum before evaporation. Such a “liquefaction-before-
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sublimation” is less likely to be seen the lower a vacuum system's base
pressure and the higher the ice sample's melting point. If a severe, but
temporary, degradation of one's vacuum conditions can be tolerated
then such a transformation might permit comparisons of, for example,
vapor pressures and enthalpies of sublimation and vaporization of
solid and liquid ethanol within the same vacuum chamber and at simi-
lar temperatures. Lastly, although CH3CH2OH and CH3CH2SH are the
first two organic compounds we have encountered that show liquefac-
tion under the stated conditions, we predict that others of similar size
and complexity await discovery.
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