Downloaded via FLORIDA STATE UNIV on February 25, 2023 at 11:43:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Behavior of Long-Chain Hydrocarbons at High Pressures and

Temperatures

Abhisek Basu,™ Mainak Mookherjee, Ericka McMahan, Bianca Haberl, and Reinhard Boehler

Cite This: J. Phys. Chem. B 2022, 126, 2530-2537

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Although long-chain aliphatic hydrocarbons are documented in
meteorites, their origin is poorly understood. A key question is whether they are
pristine or a byproduct of terrestrial alteration? To understand if these long-chain
hydrocarbons are indigenous, it will be important to explore their thermodynamic
and mechanical stability at conditions experienced by extraterrestrial objects during
atmospheric entry and passage. Extreme pressures and temperatures experienced /A \

by meteorites are likely to alter the molecular organization of these long-chain
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hydrocarbons. These structural changes associated with extreme conditions are Linear

often documented via laboratory-based Raman spectroscopic measurements. So

far, Raman spectroscopic measurements have investigated the effect of static compression on the aliphatic hydrocarbons. The effect
of temperature on the structural changes remains poorly explored. To bridge this gap, in this study, we have explored the behavior of
two aliphatic hydrocarbons at simultaneously high pressures and temperatures. We have used a resistively heated diamond anvil cell.
On compression to moderate pressures, the appearance of new vibrational modes in the low-energy region confirms prior studies
and is related to the bending of the linear chains. Upon heating to ~220 °C, we note that the new low-energy mode undergoes
softening. The mode softening is likely due to the combination of unbending of the alkane chain and mode anharmonicity.

1. INTRODUCTION

Earth receives about 10°—10° kg/day of extraterrestrial
material in the form of interplanetary dust particles (IDPs),
micrometeorites (MMs), and meteorites.” A particular group
of meteorites is carbonaceous chondrites (CCs), a primordial
class of chondritic meteorites, which contain a record of the
evolution of the solar system and pre-solar information derived
from asteroids.” This type of chondrite generally contains a
carbon-rich matrix and is comfosed primarily of clay minerals,
oxides, and organic matter.”” However, CCs are known to
undergo aqueous and chemical alterations in the parent body
and experience a wide range of pressure and temperature
during the atmospheric entry and passage and a variety of
terrestrial contamination. As a result, while the organic matter
in CCs has been extensively explored, its origin is often
debated.”™” Similarly, MMs and IDPs are a host of several
kinds of organic materials like aliphatic and polycyclic aromatic
hydrocarbons, ketones, and amino acids.*”'* Unlike CCs, the
IDPs and MMs are the most primitive unaltered extraterrestrial
materials available since they have escaped thermal and
aqueous processing in their parent body which may have
modified the mineralogy and constituents of primitive
meteorites."'

Theoretical models and observations have suggested that
depending on weight, density, and size, the peak surface
temperature experienced by extraterrestrial objects during the
atmospheric entry and passage is likely to be between 400 and
1700 °C,'>~!'® though the peak interior temperatures
experienced are reported to be lower.'” The three families of
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organic matter found in IDPs and MMs—polycyclic aromatic
hydrocarbons, ketones, and amino acids—have sublimation
temperatures between 200 and 500 °C. For example, coronene
sublimes at 525 °C, 2-pentadecanone at 293 °C, and amino
acids at 170 °C.*° Similarly, aliphatic hydrocarbons found in
several meteorites including Orgueil (CI1), Alais (CI1), Tonk
(C11), Ivuna (CI1), and Murray (CM2) exhibit thermal
stability within temperatures of 200—1200 °C. Previous studies
have revealed that over geological time scales, liquid hydro-
carbons progressively decompose to lighter hydrocarbons and
ultimately to methane in the temperature region of 150—200
°C.*'~** Solid alkanes like octadecane and nonadecane found
in the Paris meteorite’ undergo decomposition to diamond
agglomerates and hydrogen at temperatures of more than 2700
°C and pressures in between 10 and 20 GPa.”* Recent studies
on heavier alkanes have revealed compression-induced bending
of linear alkane chains, which led to the speculation of
dissociation of the chains at the low-energy bent region if
sufficient thermal energy is provided.””° However, the actual
dissociation process is not well understood and will likely
depend on the actual pressure (P)—temperature (T) path

Received: December 22, 2021
Revised:  February 21, 2022
Published: March 25, 2022

https://doi.org/10.1021/acs.jpcb.1c10786
J. Phys. Chem. B 2022, 126, 2530—2537


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhisek+Basu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mainak+Mookherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ericka+McMahan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bianca+Haberl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reinhard+Boehler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c10786&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10786?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10786?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10786?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10786?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10786?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/13?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/13?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/13?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/13?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c10786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

a

cross-section of
molybdenum heater wire

sample
+ruby

/f:thermocouple

C,@220°C.

Figure 1. (a) Schematic diagram showing the internal heating mechanism of the HDAC. Molybdenum wires are coiled around the tungsten carbide
seats, which indirectly heats the sample chamber through the anvils. Two thermocouple wires are placed close to the diamond anvils for accurate
determination of temperature. (b) Image of the sample chamber, showing the sample Cjz at 220 °C.
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Figure 2. Raman spectrum of C,g and C,;. The fundament LAM is indicated by m = 1 and successive overtones by higher numbers. The C—C
stretching mode is indicated by 2(CC), H—C—H rocking mode by p(CH,), H-C—H bending modes by §(CH,), and C—H stretching modes by

v(CH,).

followed. Furthermore, the behavior of the long-chain aliphatic
hydrocarbon at moderate temperatures and pressures remains
relatively unknown.

Therefore, it will be important to understand the behavior of
the aliphatic hydrocarbons at relatively low temperatures of up
to 200 °C, mimicking the conditions in the interiors of the
meteorites during entry. To address these questions, here we
explore the pressure—temperature response of two aliphatic
hydrocarbons—octadecane and tricosane. To enable insights
into behaviors within the interior of extraterrestrial objects, a
low P—T regime up to ~4.5 GPa and 220 °C was selected for
this study. This allows us to model the behavior of aliphatic
alkanes found in extraterrestrial objects.

2. METHOD

2.1. Aliphatic Hydrocarbon Samples. We have obtained
the crystalline linear chain saturated aliphatic hydrocarbons
(C,H,,;,)—octadecane (n = 18, C;3) and tricosane (n = 23,
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C,3), samples from Alfa Aesar with >99% purity. Due to the
low melting point (28 °C) of the C,5 sample, we ensured that
during the loading, it was not inadvertently exposed to
temperatures above its melting point. The room temperature
was maintained at 22 °C. We have collected the Raman spectra
of the samples at ambient and elevated pressures and
temperatures using a Horiba Jobin Yvon LabRAM Evolution
Raman spectrometer located at the Earth Materials Laboratory,
Department of Earth, Ocean, & Atmospheric Science, Florida
State University. We used a frequency-doubled solid-state
Nd:YAG laser with a 532 nm wavelength with a maximum
power of 300 mW at the source. We collected the spectra using
a 1800 L/mm grating, setting the resolution at 2 cm™l We
focused the laser beam inside the diamond anvil cell sample
chamber using a 50X infinity-corrected long working distance
objective. To avoid the sample modification due to heating
from the Nd:YAG laser, we measured the effects of laser at
various power according to a previous study.27
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Figure 3. (a) Stacked Raman spectra of C4 in the low-energy region between 100 and 500 cm™. The temperature, applied through the resistive
heating in an HDAC, is shown along with the observed pressures. The fundamental LAM (m = 1) and the new bent mode (14,,,) are indicated. (b)
Plot of the fundamental LAM (m = 1) and 14, mode of Cg as a function of pressure is shown. The temperature is shown as a color contour. The
color scale is shown in the inset, as a reference, with cyan color indicative of lower temperatures and magenta indicative of higher temperatures. The
dashed line represents the pressure dependence of the v}, mode at room-temperature compression, where the (dv/dP),, «¢ is obtained from
previous estimates,”® and 1, is obtained from this study. The (dv/dT)indicates the difference in the mode frequency between the static room
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elaborates further.

and the HDAC high temperature (this study) measurements at a constant pressure. Please refer to the results section which

2.2. External Resistive Heating. To understand the
effects of moderate temperatures up to ~200 °C on the
samples, we loaded the C;3 and C,; in separate runs in a
hydrothermal diamond anvil cell (HDAC).””~*° The HDACs
were equipped with a pair of low fluorescence diamonds with
culet size ~500 ym mounted on a tungsten carbide (WC) seat.
We preindented a rhenium foil of 150 um thickness to 50 ym
and drilled a sample chamber of 150 ym diameter using the
Almax-Boehler p-driller. As the samples have high compres-
sibility,”” we loaded them without a pressure medium. We used
molybdenum wire coiled around the seats to heat the samples
(Figure 1). We used an integrated power controller from PES
Enterprise to program the power delivered to the upper and
lower heating coils attached to the WC seats. To measure the
temperature, we placed two K-type thermocouples close to the
sample chamber attached to the diamond anvil facets. We
noted a temperature difference of ~ +1 °C between the upper
and lower thermocouple during the heating and cooling cycle.
We heated the sample to the maximum temperature of 220 °C.
To measure the pressure, we loaded a few micron grains of
ruby and determined pressure using the ruby fluorescence
method.”!

3. RESULTS

3.1. Raman Spectra of C;3 and C,; under Ambient
Conditions. The ambient condition Raman spectra of C,g and
Cy; can be characterized by vibrations related to the (1)
oscillation of the carbon atoms in the hydrocarbon chain
simulating an accordion motion known as longitudinal
accordion mode (LAM), (2) C—C stretching () mode, (3)
H—C—H twisting (7) mode, (4) H-C—H bending (§) modes,
and (5) C—H stretching () modes (Figure 2).2%% The
observed modes in the wavenumber region till 600 cm™" are
due to LAM’s. The fundamental LAM, that is, m = 1, is the
lowest energy mode and observed at wavenumber ~131 cm™"
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for Ci5 and ~103 cm™ for C,3. The LAM frequency is given
by

V= (%)(1 — cos kI)

where C is the force constant, M is the reduced mass of atoms,
k = mn/l is the wavevector, and m = 0,1,2,3,...,n.>> We find an
approximately inverse relationship between the hydrocarbon
chain length, that is, the number of atoms in an alkane chain
(n) and the fundamental LAM frequency.”>”® The LAM
overtones, that is, m = 3, 5, were observed at higher frequencies
where the mode intensity reduced significantly such that
overtones beyond m = S were not discernible. The modes in
the wavenumber region between 800 and 1250 cm™' are
characterized by symmetric and asymmetric stretching of C—C
atom pairs and rocking motions of the H-C—H cluster of
atoms. In general, the C—C stretching modes for the alkanes
are observed between 950 and 1150 cm™!, the C=C
stretching modes for alkenes around 1450—1750 cm™!, and
the C=C stretching modes for the alkynes in the region
around 2100—2250 cm™!, approximately.”>**** The wave-
number region between 1400 and 1600 cm™ is characterized
by bending or scissoring vibrations of the H-C—H clusters,
and the region between 2600 and 3000 cm™" is characterized
by C—H stretching vibrations.

3.2. External Resistive Heating of C;3 and C,;. In a
series of recent static high-pressure Raman spectroscopic
studies on C,g and C,; conducted at room temperatures, the
appearance of multiple new low wavenumber modes close to
the fundamental LAM in the pressure regime of 0.3—3
GPa””® was observed. Complementary first-principles simu-
lations on linear and bent long-chain alkanes provided valuable
insights into pressure-induced low-energy modes.”>*® The
high-pressure experimental study and complementary Raman
spectra based on first-principles provided clues to how linear
chains, C;3 and C,3, transformed to a bent geometry at the

1
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Figure 4. (a) Stacked Raman spectra of C,; in the low-energy region between 100 and 500 cm™'. The temperature, applied through resistive
heating in an HDAC, is shown along with the observed pressures. The fundamental LAM (m = 1) and the new bent mode (14e,,) are indicated. (b)
Plot of the fundamental LAM (m = 1) and 14, mode of C,; as a function of pressure is shown. The temperature is shown as a color contour. The
color scale is shown in the inset, as a reference, with cyan color indicative of lower temperatures and magenta indicative of higher temperatures. The
dashed line represents the pressure dependence of the 14, mode at room-temperature compression, where the (dv/0P),, o is obtained from
previous estimates,” and v is obtained from this study. The (dv/dT), indicates the difference in the mode frequency between the static room
temperature” and the HDAC high temperature (this study) measurements at a constant pressure. Please refer to the result section which
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transition pressure, P,.”>*® These recent studies showed that

the transition pressure, P, varied inversely with the chain
length of alkane, that is, longer alkanes transformed from linear
to bent configurations at lower pressures than the relatively
shorter alkanes. The transition was always accompanied by the
appearance of new low-energy modes in both high-pressure
experiments and complementary first-principles simulations.
Therefore, to explore the behavior of the bent alkane chains at
moderate pressure and temperature, we initially compressed
the C,4 and C,; (in separate runs) to the transition pressure at
room temperature and then externally heated it using resistive
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HDAC up to ~220 °C. On initial room temperature
compression of the alkane samples to the transition pressure,
we notice the appearance of the new mode (14, related to
the transformation of the linear chain to its bent configuration.
For C,g, we observed the mode at ~3.0 GPa, while for C,;, the
mode appeared at ~1 GPa (Figures 3 and 4). The two
observations are in agreement with previous room-temperature
compression measurements.”>”® Once the appearance of the
new mode was confirmed due to the bent chain configuration,
we heated the samples in small increments to 220 °C and
simultaneously collected the Raman spectra in the wave-

https://doi.org/10.1021/acs.jpcb.1c10786
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Table 1. Temperature Deviation of the Modes of Octadecane”

mode Uppayrlcm™'] o(vp, 1)
LAM; m =1 156.0 0.1 —0.009
Vpent 162.2 02 —0.041
LAM; m =3 370.3 0.2 —0.013
H-C—H rock 902.2 0.3 —0.005
C—C symmetric stretch 1031.6 14 —0.011
C—C symmetric stretch 1058.7 0.4 —0.017
C—C asymmetric stretch 1074.7 0.0 —0.009
C—C stretch 1100.4 0.3 —0.012
H—-C-H bend 1470.5 0.1 —0.012
CH; symmetric stretch 2915.8 0.1 —0.035
CH,; asymmetric stretch 3002.7 0.4 —0.024

(00/0T) prygs [em™"/°C]

6 (0V/0T) pax (0v/0P),, oc [cm™'/GPa] 6 (0v/0P)y, oc

0.016 S.3 0.1
0.256 11.8 3.5
0.047 4.1 0.1
0.382 3.6 0.3
0.194 5.6 0.2
0.119 4.6 0.1
0.572 3.8 0.4
0.486 4.6 0.4
0.136 S.S 0.1
0.555 13.3 0.5
0.227 13.5 0.2

“Note: The Upp,, r are the mode frequency observed in this study at the maximum pressure, P,,, = 4.5 GPa (T = 220 °C). The temperature
deviation of the modes is indicated by (0v/0T)pp. The room-temperature pressure dependence26 is indicated by (dv/0P),, oc.

Table 2. Temperature Deviation of the Modes of Tricosane”

mode Upmay,r [cm™'] 6(Upmax,1) (00/0T) pynax [em™'/°C] 6 (0V/0T) prmax (0v/0P),, oc [cm™/GPa] 6(0v/0P),, ¢
LAM; m =1 115.6 0.1 —0.007 0.033 3.6 0.2
Upent 150.3 1.3 —0.188 0.047 332 1.4
LAM; m =3 293.9 0.1 —0.014 0.086 3.5 0.2
w3 449.9 1.0 —0.008 0.100 2.4 0.1
H-C—H rock 895.5 0.1 —0.009 0.303 3.0 0.2
C—C symmetric stretch 1064.1 0.1 —0.020 0.251 43 0.2
C—C symmetric stretch 1070.4 0.2 —0.026 0.264 6.2 0.3
C—C asymmetric stretch 11359 0.1 —0.033 0.394 4.4 0.3
H—-C—H bend 1453.3 0.5 —-0.016 0.462 32 0.2
CH;—CH, stretch 2729.5 0.3 —0.024 0.262 S3 0.1
CH, asymmetric stretch 2882.9 0.2 0.004 0.550 S.3 0.2
s Fermi resonance 2904.4 0.1 0.006 0.213 6.9 0.1
CH; symmetric stretch 2931.3 0.4 —0.011 0.451 6.6 0.2

“Note: The Upy,,r are the mode frequency observed in this study at the maximum pressure, P,,,. = 2.5 GPa (T = 220 °C). The temperature
deviation of the modes is indicated by (0v/0T)pyye The room-temperature pressure dependence™ is indicated by (0v/0P),, «c.

number region from 100 to 3000 cm™' at each temperature
step. Due to the unique setup of the HDAC, we observe an
increase in pressure with each temperature step. We corrected
the temperature-induced shifts of the ruby line using a previous
report.33

On deconvolution of the Raman spectra of Cg4 at 3.4 GPa
and 22 °C, we find four prominent modes in the wavenumber
region 100—600 cm™". The fundamental LAM was observed at
151.9 cm ™!, and vy, was observed as a high-energy shoulder
to fundamental LAM at 157.2 cm™'. On increasing the
temperature to 50 °C, we observed another low-energy mode
below the fundamental LAM at 138.2 cm™. Further increase in
temperature resulted in a broad stiffening of most of the modes
except for 1., which shows softening around ~100—150 °C
(Figure S). Similarly, for C,3, on deconvolution of the Raman
spectra at 1.6 GPa and 22 °C, we observe six modes in the
wavenumber region from 100 to 600 cm™'. The fundamental
LAM was observed at 113.8 cm™, and 1, was observed at
157.7 cm™" (Figure 4). On heating, we observe all the modes,
except the 1., to stiffen and demonstrate a linear relationship
between the mode frequency and temperature. The vy, mode
for Cy; reveals an inflection point at ~50 to 100 °C, earlier
than that observed in C,g (Figure S). The higher energy mode
frequencies of C g and C,; stiffens on heating to 220 °C, and
we do not observe any drastic changes in the spectral features
indicative of phase transition (Supporting Information).
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4. DISCUSSION

4.1. Compressional Behavior of C;5 and C,;. Previous
studies have indicated that a single chain of alkane, when
suspended in a vacuum at low temperatures, exists in a linear
extended conformation.”**> As the chain length increases to n
~ 17—18, the weak interaction between segments of the chain
introduces a hairpin bend in the alkane.”> An alkane with a
bent configuration is generally characterized by the appearance
of new modes close to the fundamental LAM.>>?*%%
Furthermore, the fundamental LAM frequency of alkane
chains is approximately inversely proportional to the chain
length, n, which indicates that the new modes are modified
LAM frequency due to the formation of shorter chain
segments (e.g., i and j are the length of chain segments such
that i + j = n). The length of each segment (i.e., i and j) can
vary as the bend may be introduced on compression at
different points in the alkane chain. Indeed, in a previous study,
several bent configurations for tricosane were considered, and
the effects of the length of the chain segment on the frequency
of the bent mode were explored.” It was revealed that all the
bent configurations generated the bent modes albeit at
different frequencies depending on the length of each chain
segment. Additionally, the bending of the alkane chains under
compression can be accompanied by changes in orientational
ordering. Recently, Puerto and Balzaretti’® reported a
conformational transition under compression in C,; around
2—5 GPa.
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4.2, High-Pressure and High-Temperature Behavior
of C;g and Cy3. In the present study, on heating C;5 and C,3
to 220 °C in an HDAC, we observe two successive events
where the vy, mode frequency initially stiffens followed by a
softening. We suspect that the interplay of heating and
compression (due to the thermal pressure) results in the
occurrence of these two events. To decouple the effects of the
simultaneous heating and compression, it will be important to
understand the deviation in the behavior of the v, mode due
to the thermal pressure from the room-temperature
compression.

The pressure and temperature dependence of vibrational
mode frequencies (vp ) could be quantified via the formalism

vPT=u0+(a—y) dP+(a—y) dT
’ OP ), oT ),

where v, refers to the vibrational mode at 1 bar and 22 °C,
(0v/0P) refers to the pressure dependence of the vibrational
modes at a constant temperature, and (0v/0T), refers to the
temperature dependence of the vibrational modes at a constant
pressure. Often, static compression studies provide constraints
on (dv/0P) (T = 22 °C). Similarly, high-temperature studies
often provide constraints on (dv/dT),, (P = 1 bar). Indeed,
recent studies on two alkanes (C,4 and C,;) provided valuable
constraints on (0v/0P),, - (Tables 1 and 2).**° In this
present study, we aim to understand the behavior of the 1},
mode, which is not present at ambient pressures and thus pose
a challenge as we are unable to constrain (0v/0T); by
However, we are able to provide constraints on (0v/0T) .
where P, is the maximum thermal pressure explored in our
study using the formalism

( ov ) _
oT Jp
where Vpya2s oc = Upaa oc + (00/0P) 5 oc(Pryax — 1 bar).

We note that for octadecane, most of the modes at the low-
energy region (100—1200 cm™') show a (0v/0T)pyy that
ranges from —0.005 (+0.382) to —0.017 (+0.119) cm™'/°C
with notable exception displayed by the 4., mode, which
exhibits (9v/0T) ppax~—0.041 (£0.256) cm™'/°C (Table 1).
In comparison to the tricosane low-energy region (100—1200
cm™), the effect of temperature on the vy, mode is even
more pronounced with (0v/0T)pye ~ —0.188 (£0.047)
cm™!/°C (Table 2). We also note that the vibrational modes
that are most sensitive to pressures with greater (dv/0P),, oc
are the ones that also have large (0v/0T)py. When we
compare the v}, mode with the LAM (m = 1) mode that is
closest in energy, we find that (00/0T) pyq for the vy, mode is
10—100 times greater than that of LAM (m = 1) mode
(Figures 3b and 4b). It is very likely that (0v/0T)py, for the
LAM (m = 1) is due to anharmonic effects; in contrast, it is
likely that the (v/0T) pya for the 1y, mode has contributions
from both “anharmonicity” and “unbending,” that is,

a F anharmonic F unbending
<l> = (l> + (l> . The modes that are
T /p JaT /p T /p

not associated with the bending of the alkane chains are likely
to have ( &

aT /) p

pressure and temperature conditions explored in our study, the
Vpene mode persists, which indicates that the large-chain alkanes
are still in a bent configuration but likely to have undergone

Vp .1 = Vp _2°C

max’

T —-22°C

unbending
) = 0. We note that at the maximum
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some amount of unbending due to heating. If this is true,
further higher temperatures are required for complete
unbending. This, however, often induces thermal pressure,
which may lead to bending. Thus, overall the opposing effects
of pressure and temperatures will ultimately dictate the “bent”
or “unbent” state of large alkanes. Since our goal was to
elucidate the stability of these hydrocarbons in the interiors of
meteorites during entry and passage through the Earth’s
atmosphere, we explored pressures and temperatures that are
likely to be relevant for such an event, while a temperature
higher than 220 °C is outside our current interest.

A major factor for the survival and delivery of hydrocarbons
is the temperature experienced during the atmospheric entry
and passage of the IDPs, MMs, and meteorites. The peak
surface temperature reached during entry into the Earth’s
atmosphere is in the range of 400—1700 °C."”~'>'® The
majority of aromatic and aliphatic hydrocarbons have low
thermal stability. The aromatic hydrocarbons coronene®” and
benzene® have been observed to dissociate into elemental C
and H, around 400—600 °C, while similar dissociation of
methane® was observed around 700—1000 °C (Figure 6).

800
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7
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o |
e~ 7 7
/ /
g s
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§
i
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Figure 6. Pressure and temperature region explored in this study. The
arrow shows the initial compression path at room temperature (black:
C,; and blue: C;g). The vertical black (blue) line indicates the
transformation of C,; (Ci5) from a linear chain to the bent
configuration. The solid gray circles indicate the heating path. The
dashed line indicates the melting boundary, and the solid line
indicates the dissociation boundary (green: coronene;®” black:
benzene;*® and red: methane®”). The blue diamond is the dissociation
point of octadecane to shorter chains at 375 °C when heated for 73 h
at ambient pressure.”” The blue shaded region indicates the peak
temperature experienced in the interior of meteorites during
atmospheric passage."

Temperature-dependent studies (up to ~375 °C) on C,
conducted at ambient pressures, noted partial dissociation to
methane, ethane, propane, and butane.”’ In a preliminary laser-
heated measurement to >2000 °C on C;; we find the
appearance of new modes in the H-C—H bending region,
likely indicating the formation of different species of
hydrocarbon (Supporting Information). However, an extensive
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mapping of pressures and temperatures is warranted for a
thorough understanding of the transformation and/or
dissociation mechanism of the alkanes at elevated P—T
conditions for the laser-heated measurements. In the present
study, while a single P—T path was probed for each alkane
sample in the HDAC experiments, we do not observe any
indication of dissociation of C;3 and C,; to the highest P—T
values.

Although the survivability of aliphatic hydrocarbons during
entry into the atmosphere is unlikely due to their low thermal
stability and high peak surface temperature experienced, their
abundance in several extraterrestrial objects is paradoxical. The
substantial temperature gradient and the kinetic effects
associated with the transformation processes in the incoming
extraterrestrial matter were proposed as a possible explanation
for the survivability of the organic matter.'”'*'? Indeed, the
phase stability of C,g and C,; across the pressure—temperature
range, explored in the HDAC measurements corresponding to
the temperature experienced in the interiors of the
extraterrestrial objects, supports the scenario of temperature
gradient effects (Figure 6).

5. CONCLUSIONS

To summarize, we have investigated the behavior of aliphatic
hydrocarbons at temperatures up to 220 °C. The HDAC
measurements on C;g and C,; reactivity reveal that, at
moderate P—T conditions relevant for the interior of
extraterrestrial objects, the alkanes are mostly stable and do
not show any dissociation. The initial compression of the
alkanes at room temperature results in the appearance of a new
mode, Ly, related to the bending of the linear alkane chains.
On heating, we observe the vy, mode to stiffen initially and
then undergo a softening. Such softening of the v}, mode on
heating can be explained by considering an unbending of the
bent alkane chain and mode anharmonicity. This newly
documented temperature response of alkane chains should be
taken into account in the survivability of the hydrocarbons in
extraterrestrial objects.
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