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ABSTRACT: The infrared (IR) spectra, including spectral intensities, of solid hydrocarbons are of HyC—C=CH — v H,C=C=CHi

interest to astrochemists and astronomers for the relevance of these compounds to surface chemistry in

the outer solar system and beyond. However, although the vibrational modes and IR peak positions of many such compounds have
long been studied, much less attention has been paid to the IR intensities needed to quantify both astronomical observations and
laboratory results. Here we present mid- and near-IR transmission spectra of a relatively little-studied solid hydrocarbon, allene (1,2-
propadiene). Spectra of both amorphous and polycrystalline allene are shown for the first time along with optical constants, band
strengths, and absorption coefficients. We also report a density and refractive index (670 nm) for each form of solid allene. A
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radiation-chemical experiment on allene’s formation is described, as are some applications and suggestions for future work.
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1. INTRODUCTION

Observations of objects in the outer Solar System and of
interstellar grains have revealed the presence of a number of icy
solids, such as frozen CH, CO, and H,O. Stellar vacuum
ultraviolet photons, magnetospheric radiation, and cosmic rays
act on these ices to generate more complex molecules, such as
C,H; from CH,, CO, from CO, and H,0O, from H,O. Infrared
(IR) spectroscopy has proven to be the major analytical tool
for the study of these molecules in the solid state within the
Solar System and in ices of the interstellar medium. For such
work, reference IR spectra of solid samples under vacuum at
low temperatures are needed. Such data would ideally include
not only careful documentation of spectral positions but also
spectral intensities from which molecular abundances can be
determined. However, despite extensive studies of many icy
solids in recent decades, the measurement of IR intensities,
such as band strengths, remains far behind the recording of IR
spectra.

In this paper, we continue our recent work on IR intensities
of solids relevant to planetary and interstellar hydrocarbon ices.
So far we have examined solid methane (CH,), ethane (C,Hy),
ethylene (C,H,), and acetylene (C,H,) in amorphous and
crystalline forms," ™ and more recently we investigated solid
propane (C;Hg), propylene (C;Hg), and propyne (C;H,).*
Here we turn to allene (1,2-propadiene, H,C=C=CH,),
which is present in the atmosphere of Titan, Saturn’s largest
moon.” Investigations of allene’s vibrational spectrum have a
long history reaching back to at least the 1930s.° Early
researchers identified most of allene’s fundamental vibrations
using both IR and Raman methods, with analyses of rotational
fine structure leading to rotational constants, moments of
inertia, and molecular dimensions for the gas-phase molecule.”
The earliest study of solid allene appears to have been that of
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three single crystals by Blanc et al.,, who also published liquid-
and gas-phase results.” In the nearly 60 years since then,
studies of allene’s IR spectrum have continued to address
positions, anharmonicites, and spectral intensities, among
other topics, but it is with this last property, IR intensities,
that investigations of solid allene and gas-phase allene have
diverged. Despite an interest in allene IR intensities by both
laboratory astrochemists and astronomical observers, quanti-
tative intensity results are lacking for the solid phase of the
compound at cryogenic temperatures. In this paper, we report
the first such intensity measurements on two solid forms of
allene. With our new IR results it is now possible to make ices
of known allene concentrations for quantitative IR work.

2. EXPERIMENTAL SECTION

Allene was purchased from Sigma-Aldrich (MilliporeSigma)
and used as received. Our allene spectra showed no trace of a
propyne impurity at 3300 cm™'. Allene ices were made with
standard vacuum-line methods by deposition onto a precooled
KBr substrate within a vacuum system (107 Torr). A “shower-
head” array, or other, disperser was used to help produce a
uniform ice on the substrate. The deposition rate was such as
to give an increase in the ice sample’s thickness of a few
micrometers per hour, as measured by interference fringes.
Measurements for IR spectra and the corresponding
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interference fringes were made in transmission through the
substrate. See the paper of Moore et al. for two diagrams.”

Fringe patterns resembled those in previous publications
from our group.'’ At no time under any conditions of
temperature or deposition rate was a fringe pattern observed
that would indicate unusual deposition on two sides of the
substrate."’

The thickness (h) of each ice was determined with eq 1
where Ny, is the number of interference fringes recorded during
the sample’s deposition and € = 3.57 + 0.04° was the angle
between the incident beam from a 670 nm laser and a line
drawn perpendicular to the substrate.

h — Nfrﬂ

241" — sin’ @ (1)

Here ng;, is the ice sample’s refractive index at 670 nm, which
was measured in a separate experiment by two laser
interferometry. See below and our recent papers for more
details, or consult original work by Heavens,'> Tempelmeyer
and Mills,"® and Groner et al.'*

Infrared spectra were recorded in a conventional trans-
mission mode with an interfaced Thermo iS50 FTIR
spectrometer set for 200 scans per spectrum and a resolution
of either 0.5 or 1 cm™" from 7000 to 400 cm™". Spectra shown
here are with the lower resolution (1 cm™), but calculations
were with the higher resolution (0.5 cm™) data. In practice,
the higher resolution did not change either band areas or peak
heights but did increase baseline noise in some cases.

To determine IR band strengths we needed to have each ice
sample’s density (p), and to get a thickness a reference
refractive index was required, as seen in eq 1. These were
determined in a UHV chamber (P ~ 107" Torr) with a quartz
crystal microbalance to get p and with two laser interferometry
to get a refractive index at 670 nm (n4;,). See our recent papers
for details."’

A few measurements were made of the IR spectrum of solid
propyne (H;C—C=CH, methyl acetylene), again obtained
from Sigma-Aldrich. For amorphous propyne, a band strength
of A'(C=C, 2124 cm™) = 4.69 x 107" cm molecule™ was
obtained at ~10 K using the same methods and equipment as
in our allene work, and as described in the following section.
See Hudson et al. for full results on propyne.”

3. RESULTS

3.1. Densities and Refractive Indices. Infrared spectra
(vide infra) showed that an amorphous ice was produced when
allene was deposited on our KBr substrate that had been
precooled to between 8 and about 45 K. Few differences were
found in the IR spectra of allene deposited at these
temperatures, but higher-temperature depositions gave crys-
talline allene. Warming any allene ice to 100 K resulted in its
loss by sublimation in only a few minutes. These observations
helped guide our determinations of densities and refractive
indices for allene ices.

We measured g4,y and p for amorphous allene at 19 K, the
base temperature of our UHV cryostat, and obtained ng,, =
1.459 + 0.003 and p = 0.735 + 0.002 g cm >, where the
uncertainties are standard errors based on measurements made
in triplicate. Depositions at 55 K for crystalline allene gave ngy
= 1.565 + 0.005 and p = 0.867 + 0.004 g cm™>. These latter
two values scarcely changed at higher temperatures, but the
fringe patterns were less uniform. Weak or unusual behavior in

fringe patterns for allene has been described in a technical
report, but not in the peer-reviewed literature."

3.2. Infrared Spectra. Infrared spectra of allene deposited
at 8 K are shown in Figures 1—5. The overall appearance of
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Figure 1. Infrared survey spectra of allene deposited at (a) 8 K for a
thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 pm. Spectra are offset for clarity.
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Figure 2. Infrared spectra of allene deposited at (a) 8 K for a
thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 ym. Spectra are offset for clarity.
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Figure 3. Infrared spectra of allene deposited at (a) 8 K for a
thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 pm. Spectra are offset for clarity.
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Figure 4. Infrared spectra of allene deposited at (a) 8 K for a
thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 pm. Spectra are offset for clarity.
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Figure S. Infrared spectra of allene deposited at (a) 8 K for a
thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 pm. Spectra are offset for clarity.

spectrum (a) in each figure is as expected from the limited
amount of published work on solid allene. Our 8 K spectrum is
dominated by intense absorbances at 1947 and 837 cm™’, the
latter showing the pronounced asymmetry of an inhomoge-
neously broadened feature. Trace (a) in each figure shows the
rounded features characteristic of an amorphous ice.'® In
contrast, trace (b) in each figure shows that the spectrum of an
ice made at 80 K had bands that were somewhat sharper than
at the lower temperature. For example, see peaks near 3000
and 1000 cm™'. The changes were attributed to ices being
crystalline at 80 K. The latter peak was confirmed by warming
a sample made at 8 K to 80 K and comparing the resultant
spectrum to that of an ice made by deposition at 80 K. Table 1
gives solid-phase positions corresponding to most of allene’s
fundamentals, with comparisons to gas-phase values. In
practice, few changes with temperature were seen in
amorphous allene’s spectrum until the ice was crystallized,
and few changes were seen thereafter until the ice sublimed.
To measure IR intensities, we proceeded as in our recent
work on, for example, acetone and dimethyl ether.'”'® Spectra
of ices at multiple thickness were recorded, and the heights
(absorbances) of selected peaks and the areas of selected bands
were measured. Appropriate Beer’s law plots were constructed
of height and area as a function of ice thickness from which
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Table 1. Mid-IR Absorptions of Allene

U gas- v v
symmetry approximate phase/  amorphous/ crystalline/
species”  no.  description” cm™! cm™! cm™
a, C—H stretch 2996 2992 2991
a, CH, bend 1440 1435 1441
a 3 CCC symm 1076 1072 -t
stretch
b, CH, torsion 865 -t -
b, S C—H stretch 3005 3012 3012
b, CCC asymm 1957 1947 1947
stretch
b, 7 CH, bend 1398 1382 1376
e 8  C—H stretch 3085 3064 3066
e 9 CH, rock 1015 1002 1011
e 10 CH, rock 842 837 835
e 11 CCC bend 354 =v =t

“Symmetries, numbers, approximate descriptions, and gas-phase
positions are from the work of Lord and Venkateswarlu.” See also
Blanc et al.® ®Not observed or very weak; see text.

apparent absorption coefficients (@’) and apparent band
strengths (A’") were calculated from slopes using eqs 2 and 3.

In(10) X (absorbance of peak) = a’h ()
In(10) x | (absorbance)ds = (p A"k
n(10) - (absorbance)di = (p A’) 3)

See Hollenberg and Dows and our earlier papers for details.'”

In eq 3, py is the ice sample’s number density, in molecules
cm™ in this paper. Deposition temperatures were 8 and 80 K
for amorphous and crystalline ices, respectively, and at least
five thicknesses were used for each determination of @ or A’.
Correlation coeflicients were 0.999 and higher, except for a few
near-IR features that were about 0.998 and higher. Final results
for o’ and A’ are given in Tables 2 and 3 for selected IR peaks
and bands.

Table 2. Intensities of Selected Mid-IR Absorptions of
Amorphous Allene at 8 K

7/ecm™! a'/em™! integration range/cm_l A’/107® cm molecule™

3064 329 £3 3100—-303S5 0.442 + 0.004
3012 451+ S 3035—2960 0.880 + 0.009
1947 9060 + 91 2010—-1910 8.74 + 0.087
1702 388 + 4 1750—1650 1.31 + 0.013
1382 1660 + 17 1405—-1320 2.15 + 0.021
1002 339+3 1060—960 1.00 + 0.010

837 7720 £ 77 880—-810 16.4 + 0.164

Table 3. Intensities of Selected Mid-IR Absorptions of
Crystalline Allene at 80 K

v/ integration range/
cm™! a'/em™ cm™! A’/107"® cm molecule™!
3066 427 + 17 3077-3083 0.153 + 0.005
3012 909 + 36 3027-3000 0.428 + 0.013
1947 15600 + 624 1965—1930 8.38 + 0.251
1692 1000 + 40 1730—1650 1.47 + 0.044
1376 3080 + 123 1384—1334 2.31 + 0.069
1011 669 + 27 1045-990 0.923 + 0.028

835 16300 + 653 865—805 13.3 + 0.399
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Uncertainties in o’ and A’ were estimated with both a
propagation-of-error approach and a least-squares routine,
taking into consideration uncertainties in both x and y
quantities in the slopes of the Beer’s law plots corresponding
to egs 2 and 3.”%*' For amorphous allene, uncertainties in o'
and A’ were near 1% for mid-IR features (7 < 4000 cm™"') and
about 3 and 7% in @’ and A’, respectively, for near-IR
absorbances (I > 4000 cm™'). For crystalline allene,
uncertainties in &’ and A" were about 4% for mid-IR features
and about 7 and 11%, respectively, for near-IR absorbances. As
expected, the uncertainties in both a’ and A’ were greater for
the near-IR region than the mid-IR. These uncertainties
compare well to values in the literature, such as from Hudgins
et al.”* and Luna et al,,” but they could be reduced even more
by additional measurements.

Infrared features other than those in our tables, mostly for
smaller bands, also were present in our allene spectra, but for
the most part they were ignored except for checking against
earlier work. For example, we found overtone and combination
bands near 2807 (v, + 1), ~1700 (2v14, vy + V1), 1356 (v +
v11), and 1203 (vyo + v4;) cm™! in the spectrum of amorphous
allene. See Blanc et al. for more on these assignments.” The
small peak near 1903 cm™" appears to be a *C satellite of the
intense v peak at 1947 cm™.

Going beyond the mid-IR region, Figure 6 shows near-IR
features of solid allene. The sharp peaks near 6092 (1.64 um,
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Figure 6. Infrared spectra of allene deposited at (a) 8 K for a

thickness of about 0.92 ym and (b) deposited at 80 K for a thickness
of about 0.86 ym. Spectra are offset for clarity.

20g), 5900 (1.69 um, v, + vs), 4490 (2.23 um, v, + vg), and
4438 cm™! (2.25 pum, v, + 1) could be useful in the search for
solid allene in the spectra of icy satellites, and so we have
measured those peaks’ intensities. Results are in Tables 4 and
S, where wavelengths also are given as they are often used by
observational astronomers.

Table 4. Four Near-IR Absorptions of Amorphous Allene at
8§ K

17 integration range/ A’/10718
et A/pum  a'/em™! cm™! cm molecule™
6092 1.64 68 + 5 6135—5986 0.170 + 0.00S
5900 1.69 77+ S 5986—5868 0.190 + 0.006
4490 2.22 107 + 8 4520—4470 0.153 + 0.005
4438 2.25 262 + 18 4470—4400 0.369 + 0.011
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Table S. Four Near-IR Absorptions of Crystalline Allene at

80 K
7 integration range/ A'/10718
cm™! A/pm a' Jem™ cm! cm molecule™
6095 1.64 96 + 11 6135—-6010 0.220 + 0.015
5900 1.69 241 + 27 5920—5868 0.183 + 0.013
4490 2.22 153 + 17 4520—4470 0.159 + 0.011
4438 2.25 383 + 42 4470—4400 0.387 + 0.027

3.3. Optical Constants. Optical constants of ices are used
in computational models of icy surfaces in the Solar System,
and to that end we calculated the real and imaginary
components, n(Z) and k(D), respectively, of solid allene’s
complex index of refraction. Our calculations of optical
constants used an iterative Kramers—Kronig routine that
ended when the calculated n(Z) and k(D) values produced a
spectrum with intensities (i.e., peak heights) that matched
those of the experimental spectrum to within 1 part in 10° at
every wavenumber. The main initial uncertainty in the
computation was with the thickness of an ice sample, an
issue that we addressed by measuring the reference refractive
indices already mentioned and used in eq 1. Moreover, our
standard procedure is to calculate optical constants for ices of
multiple thicknesses (typically a minimum of five) at each
temperature chosen and to average the resulting n and k values
at each wavenumber. This avoids the need to rely on the IR
spectrum, the measured thickness, and the results from a single
allene ice. In short, the uncertainties in our optical constants
amount to no more than 1 part in 10° at any wavenumber
when compared to measured spectra. For additional
information about our computer routine, developed by one
of our colleagues (P. A. Gerakines), see the paper of Gerakines
and Hudson.™

Figure 7 shows, as an example, the optical constants we
calculated for amorphous allene. The values plotted are
available in an electronic version on our group’s web page at
https://science.gsfc.nasa.gov/691/cosmicice/ along with cor-
responding results for crystalline allene.

3.4. An Application—Allene Formation. Isomerizations
at low temperatures are one of our group’s interests, such as
the conversion of propyne into allene and vice versa. However,
the coronavirus pandemic closed our laboratory and prevented
all but one exploratory experiment, which we wish to put on
record here. Our experiment was the radiation-induced HC=
C—CH; — H,C=C=CH, isomerization near 20 K, the
radiation source being 1 MeV H' from a Van de Graaff
accelerator with a beam current of ~1 X 1077 A.

Trace (a) in Figure 8 is an expansion of the spectrum of
solid propyne at 20 K, with the large peak on the left near 2123
cm™ being from propyne’s C=C stretch. Spectrum (b) is
from the same sample after a radiation dose of about 10 eV
molecule™'. The C=C peak on the left has decreased and a
peak near 1948 cm ™" has increased, a peak we assign to allene
(Table 1). Warming the irradiated sample above ~100 K
removed both the residual propyne and the allene product, as
expected. Spectrum (b) in Figure 8 also shows that IR features
were produced near 1948 cm™' other than for allene. These
can be assigned to reaction products of propyne and allene,
probably from polymerization. From the decrease in the
propyne feature near 2123 cm™' and the increase in the allene
feature near 1948 cm™', and the strength (A’) of each IR band,
we estimate that about 10% of the propyne sample underwent

https://doi.org/10.1021/acsearthspacechem.1c00339
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Figure 7. Optical constants of amorphous allene at 8 K.
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Figure 8. Spectrum of propyne (methyl acetylene) before and after

irradiation to a dose of about 10 eV molecule™ at 20 K. The thickness
of the ice in (a) was about 1 yum. Spectra are offset for clarity.

the HC=C—CH; — H,C=C=CH, isomerization. Admit-
tedly, the experiment is barely above the proof-of-concept
level, and the estimate of reaction yield is rough, but Figure 8
shows that ionizing radiation initiates the propyne-to-allene
isomerization. Extensions to other temperatures and ice
compositions (e.g., inclusion of H,O ice) should be
straightforward.

4. DISCUSSION

4.1. Densities and Refractive Indices. We have not
found previous measurements of either ng;, or p for solid
allene under conditions similar to ours. Blanc et al. reported p
= 0.86 g cm™® for crystalline allene made by cooling a liquid
sample, close to our p = 0.867 g cm™ for an ice made by
vapor-phase deposition.” As a check on our work, we used our
o and p results to calculate molar refractions (Ry;) for
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amorphous and crystalline allene, expecting near identical
values for the two forms of the compound. We found Ry, =
14.9 and 15.0 cm® mol ™" for amorphous and crystalline allene,
respectively, which is less than a 1% difference.

4.2. Infrared Spectra. A gas-phase allene molecule is a
prolate symmetric top belonging to the D,y point group with
3N — 6 = 3(7) — 6 = 15 fundamental vibrations distributed
among four different symmetry species as I';eq = 34, + b, + 3b,
+ 4e. Of these, the 7 b, and doubly degenerate e motions,
constituting 11 vibrations, are IR active in the gas phase. Our
IR spectra show evidence for 12 vibrations in the solid, the
missing three being a type e mode in the far-IR (~350 cm™)
beyond our spectral reach, and a weak type b, feature on the
side of the large band near 840 cm™. Our Tables 2 and 3 list
results for some of the stronger and better resolved IR features
of allene, which were chosen to cover a large portion of the
mid-IR region with an eye toward avoiding prominent bands of
other, more abundant extraterrestrial molecules.

Allene’s C=C=C symmetric stretch (v;) in Table 1 is
formally IR forbidden in the gas phase, but not necessarily
forbidden in condensed phases. Trace (a) of Figure 4 shows a
weak band at 1070 cm™" for this vibration in amorphous allene
at 8 K. However, this feature is barely perceptible in trace (b)
for the crystalline ice made by deposition at 80 K. This
behavior is similar to our observations of nominally forbidden
features in the IR spectra of other amorphous solids such as
CH, (2904 cm™), C,Hg (993 cm™'), C,H, (1618 cm™),
C,H, (1961 cm™), CO, (1384 cm™), C,N, (849 cm™), and
also the ammonium ion NH,* (1680 cm™!) in
NH,SH.'7>?252¢ In each case, the nominally forbidden peak
was not seen in the corresponding crystalline solid. This
relaxation or loss of selection rules can be traced back to at
least the 1940s, and so is by no means new or novel with our
work.”

Our IR spectra of amorphous allene at 8 K are qualitatively
similar to the spectrum of liquid allene at 140 K published by
Blanc et al., although their spectrum’s more intense features
appear to be saturated, hindering quantitative comparisons.®
Those same authors recorded spectra of polycrystalline allene,
but none were shown. Several measurements of gas-phase
allene’s mid-IR intensities have been published, and are in
reasonable agreement with each other.”® The two strongest
peaks in our allene spectra, near 1947 and 837 cm™, are also
the strongest in the gas-phase data, but with our intensities
being ~15% higher than the gas-phase values. Table 6

Table 6. IR Band Strengths (A’/107'® cm molecule™) of
Three Forms of Three Compounds®

form O0=C=0 O=N=N H,C=C=CH,
gas 109.6 60.8 8.58
crystalline 76.4 39.8 8.38
amorphous 118 589 8.74

“Each band strength is for the asymmetric vibration about the
molecule’s central atom. See the text for references and positions.

compares the intensities of the asymmetric stretching
vibrations of the 16 electron isoelectronic molecules CO,,
N,O, and allene, each with cumulated bonding. For the gas
phase, the trend A’(CO,, 2349 cm™') > A’(N,0, 2224 cm™)
> A’(allene, 1957 cm™") is found, and this same trend holds for
the crystalline and amorphous forms of these three
compounds. In each case, allene is the weakest absorber. See
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Yamada and Person for data on gas-phase and crystalline CO,
and N,0,” see Es-sebbar et al. for gas-phase allene data,”® and
see our earlier papers and the present work for the remaining
entries in Table 6.'%*°

The band shapes of our allene spectra are such that widths of
the amorphous ice features are somewhat greater than for IR
spectra of crystalline samples, but not dramatically so in most
cases. Perhaps the most interesting band shape is that of the
intense feature near 837 cm™" in amorphous allene, a strongly
asymmetric shape that is indicative of inhomogeneous
broadening.’*™** We have found the same strong asymmetry
of trace (a) in Figure S in the IR bands of other molecules of
16 valence electrons with cumulated bonding, such as CO,
(655 cm™),>> OCS (2020 cm™'),* and N,0 (2221 ecm™)."
For spectra of other hydrocarbons with similar broadening, see
solid CH, (1297 cm™),"?° C,H, (817 cm™),” and C,H, (742
em™).? A strongly asymmetric band also has been reported for
the 1040 cm™ feature of amorphous ozone.*

As an aside, we note that we did not encounter any problems
preparing amorphous allene by vapor-phase deposition and
recording its IR spectrum. This contrasts with difficulties we
met in preparing amorphous solids from the smaller molecules
CO, and N,O, allene’s isoelectronic counterparts in Table
6. We also have found it more difficult to prepare
amorphous ices from the simplest alkane, alkene, and alkyne
(i.e, CH,, C,H, and C,H,) than from the next member of
each class (i.e., C,Hg, C;Hg, and C;H,). ™ Similarly, Mizuno
et al. described difliculties in preparing amorphous CO, even
at 3 K, and Takeda et al. had difficulty making amorphous
C,H, by deposition at 4.2 K.*>*°

We suggest that such problems in preparing amorphous
solids and acquiring their IR spectra arise largely from the
deposition rate used to make solid samples, and the
accompanying energy release. Some years ago, Jacox noted
that “appreciable heat is given off when a gaseous sample is
condensed” onto a cold window.”” Even earlier, Fateley et al.
described how the rate of gas-phase deposition altered their
spectra of monomeric NO due to the “flood of energy liberated
by the condensing gas”.>® Again, no such difficulties were met
with the experimental conditions used for the present study of
allene. We suspect that the greater number of vibrational
degrees of freedom for larger molecules reduces the likelihood
of such problems, compared to the case of smaller molecules,
by aiding in the dissipation of an energy of condensation.

4.3. Applications—Physical Properties and Reaction
Chemistry. The immediate application of our work is likely to
be laboratory infrared measurements on allene-containing
samples, such as the determination of the column density of a
neat allene ice. Perhaps more important is that with our IR
band strengths it is possible for the first time to prepare
multicomponent ices of known allene abundances because our
results make possible quantitative measurements of the gas-
phase deposition of allene onto a cold substrate. Just as
important is the value of our near-IR results to the search for
allene in Solar System ices by telescopic and spacecraft
observations.

Other than the physical properties already mentioned, the
vapor pressures of a wide variety of compounds have been
studied for application to cometary chemistry and the
sublimation of ices. Solid allene has not, to our knowledge,
been examined. However, our band strengths, coupled with the
method described by Khanna et al., will allow IR spectra to be

1168

used for vapor-pressure determinations and an enthalpy of
sublimation.”

Our IR work also is capable of straightforward extension to
both longer and shorter wavelengths (wavenumbers) for the
far- and near-IR regions, respectively. By proper scaling and
measurements, allene band strengths for both regions can be
calculated. Since allene lacks a dipole moment and thus cannot
be detected by radio and microwave (rotational) methods, it is
likely that future spectroscopic work on this compound will
involve IR measurements.

A particularly interesting application of our results concerns
the reaction chemistry of Figure 8, the propyne-to-allene
conversion. Propyne has been known for many years to be
both an interstellar’” and a Solar System molecule, and its
formation has been investigated in both contexts. For example,
the atmosphere of Saturn’s largest moon, Titan, is primarily
composed of N, and CH,, with cosmic radiation, solar UV,
and magnetospheric radiation from Saturn all initiating
reactions to make a variety of hydrocarbon and nitrile
products, among them propyne.*' Low-temperature irradiation
of solid CH,, to mimic cosmic-ray bombardment, has been
shown to generate propyne upon warming of the ice sample.*”

Given that propyne is present in extraterrestrial environ-
ments, its conversion to allene is of interest, and it is a reaction
that can be quantified at low temperatures with our results.
Propyne-to-allene isomerization involves a 1,3-hydrogen shift,
as seen in reaction 4, and has been reported in rare-gas
matrices by Jacox and Milligan.”> Our work shows that the
reaction also proceeds in non-rare-gas solids.

H,C—C=CH — H,C=C=CH, 4)

This reaction is analogous to the isomerizations in reactions
5 and 6, which have been investigated and documented not
only in solid argon, but also in more reactive ices. 1

H,C—C=N — H,C=C=NH s)

(6)

Figure 8 gives the result of our experiment to examine the
propyne-to-allene conversion, as already described. Our
interpretation of the experiment is that of the propyne
destroyed, about 10% went to allene formation. This value
may change after additional work, but for now the importance
is not so much the exact value as that for the first time a
numerical value can be obtained at all. Of reactions 4—6, only
for reaction 4 can a yield be directly measured in the solid
state, as the product is readily available and easily handled,
unlike the products in reactions 5 and 6. Going further, given
the ease with which reactions 4—6 occur in laboratory ices,
there is little reason to doubt that these reactions also will
occur by photo- and radiation-chemical paths in interstellar
and Solar System ices. The four reactants and products in
reactions S and 6 are known to be interstellar molecules, as is
propyne in reaction 4, suggesting that propyne in an
extraterrestrial environment will be accompanied by allene,
provided suflicient photo- or radiation-chemical initiators are
present.

Turning from allene’s formation to its reactions, one
interesting possibility is O atom capture. Singmaster and
Pimentel examined the reactions of O atoms with allene to give
allene oxide, a cyclic compound,*® which is a transformation
analogous to the well-known formation of epoxides by the
reaction of O atoms with alkenes. There are several

H,N—C=N — HN=C=NH
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extraterrestrial O atom sources, such as CO,, so allene oxide
and its isomerization and reduction products are reasonably
safe predictions. Again, our IR results can be used to determine
initial abundances by IR spectroscopy and to follow the course
of such allene reactions in laboratory ices.

In addition to forming allene oxide, solid allene can, of
course, also revert to propyne according to

H,C=C=CH, — HC=C—CH, @)
as shown by Jacox and Milligan.* Analogous reactions include
reaction 8 below, again studied by Jacox and Milligan."’

HN=C=0 — N=C—OH (8)
Both the reactant and product in reaction 8 are interstellar
molecules.*®*

5. SUMMARY AND CONCLUSIONS

In this paper we have presented IR spectra of the amorphous
and crystalline forms of solid allene under vacuum at 8 and 80
K, respectively. We also have presented measurements of two
forms of IR intensity, absorption coeflicients (a’) and band
strengths (A’), along with measurements of refractive indices,
densities, and optical constants. The relevance of these
measurements has been described and several applications
have been suggested, including future work on radiation- and
photochemical changes of allene in interstellar and Solar
System environnments and the search for allene in Solar
System ices.
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