Downloaded via FLORIDA STATE UNIV on May 24, 2021 at 02:59:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACS I

EARTH

N AND I

SPACE

CHEMISTRY

http://pubs.acs.org/journal/aesccq

Spectroscopic Investigation of the High-Pressure Behavior of
Aliphatic Hydrocarbon: Implications for Planetary Processes

Abhisek Basu,™ Mainak Mookherjee, Christina Schiffert, Bianca Haberl, and Reinhard Boehler

Cite This: ACS Earth Space Chem. 2021, 5, 449-456 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: Octadecane (C;3Hjg) is an aliphatic hydrocarbon 0 >
that is abundant in carbonaceous chondritic meteorites. It is <= 4[  Linear configuration L T 7
debated whether these hydrocarbons found in the meteorite are £ 8[, , , s 4 s 5 45 <y o 7
pristine or are a result of subsequent modifications as these guprrrrrreEes b,3.8 5 b
meteorites are delivered to the Earth. It is well-known that EW' = R ',f:‘ b
meteorites are often subjected to extreme pressures and temper- 5 20 .- = 2y .
atures upon entering the Earth’s atmosphere. To explore the £ 24}~ Bent configuratio n‘);:‘ .
behavior of octadecane at high pressures, that is, how its molecular = 28 i i i ; | . ) S

structure responds to compression, we use a diamond anvil cell in 0 1 2 3 4 5 6 7 8 9 10
conjunction with Raman spectroscopy. We find that at room Transition Pressure, P, [GPal

temperatures, upon compression to ~S5 GPa, a linear-chain

octadecane molecule transforms into a bent-chain configuration. Similar transitions from linear to a bent configuration in other
hydrocarbons have been documented. We find a linear correlation between the transition pressure from linear to bent configuration,
and the chain length of the alkane, that is, longer chain lengths, is likely to be less stable in the linear configuration under
compression. These kinks in the bent-chain configuration are likely sites for the dissociation of the longer chain hydrocarbons to
smaller hydrocarbons. The octadecane sample examined in this study did not undergo any additional transition to the highest
pressure (~18 GPa) explored in this study.

KEYWORDS: octadecane, carbonaceous chondritic meteorite, high pressures, Raman spectroscopy, diamond anvil cell

B INTRODUCTION aldehydes, aliphatic and aromatic hydrocarbons, ketones, and
others.”'" The origin of aliphatic hydrocarbons in CC
meteorites has been extensively explored but their origin is
often debated.”'"'> The presence of abundant quantities of
aliphatic hydrocarbon, that is, n-alkane, has been reported in
several meteorites including Orgueil (CI1), Alais (CI1), Tonk
(CI1), Ivuna (CI1), and Murray (CMZ).B_16 It was suggested
that these n-alkanes observed in these meteorites may have
originated in the condensing solar nebula through the Fischer—
Tropsch mechanism.'” Further analysis although showed that
these n-alkanes were often concentrated on the surface hinting
toward terrestrial contamination.'®>° However, the extra-
terrestrial origin of aliphatic hydrocarbons has been supported
by analysis of the Tagish Lake meteorite just after the impact,
thereby avoiding terrestrial contamination, with n-alkanes
present in major abundances and C,; as the most abundant."*'
Furthermore, a recent study on the Paris meteorite®” has
revealed the presence of n-alkanes with the carbon chain length

Earth is a unique terrestrial planet and is the only one in our solar
system known to harbor complex life. How and when did life
begin on Earth, how did life evolve, and how were the
ingredients for harboring life delivered are some of the
fundamental questions pertaining to the understanding of the
evolution of life on Earth. Fossil records of stromatolite and
microfossils and carbon isotopic evidence of biological activity
have been observed as early as 3500 Ma.' ™ The origin of life in
these early earth-forming episodes is often linked with the
delivery of essential prebiotic organic matter via extra-terrestrial
inputs including interplanetary dust particle (IDP), cometary,
asteroidal, and meteorite impacts.”> The size of the extra-
terrestrial matter might have been crucial in the delivery of these
prebiotic organic matters, for instance, IDPs and meteorites that
were small enough to gradually sink through the early Earth
atmosphere may have avoided extensive modification upon
entering the atmosphere.”® Carbonaceous chondritic (CC)
meteorites are considered to be undifferentiated representative
of the most pristine matter resembling solar chemistry and are Received:  September 13, 2020
also known to contain several weight percent of organic Revised:  January 26, 2021
material.”~'’ Organic matter found in these carbonaceous Accepted: January 27, 2021
chondrites is either free organic matter or macromolecular Published: February 10, 2021
material.” The CC meteorites are known to contain various

types of organic compounds including amino acids, alcohols,
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ranging between C,4 and C,;, without the typical signature of
terrestrial contamination. Among these n-alkanes, C,, (hepta-
decane) and C,5 (octadecane) were the most abundant ones.

To address whether these n-alkanes are indigenous to these
meteorites, we need to have a better understanding of whether
these n-alkanes survive the pressure and temperature conditions
that the meteorites experience as they enter the Earth’s
atmosphere and during the subsequent impacts. For instance,
the smaller-sized IDPs and micrometeorites experience temper-
atures over 500 °C during atmospheric entry and passage.””~°
It is speculated that extreme conditions experienced by the
meteorites, comets, and IDPs may likely result in extensive
modification of its original constituent organic matter. To better
understand the high-pressure and high-temperature behavior of
hydrocarbons, static and shock high-pressure high-temperature
experiments have been conducted on hydrocarbons and they
indicate indeed that these hydrocarbons undergo significant
modifications”'**’~** (Supporting Information Table ST1).
Upon compression to ~2 GPa and at temperatures of ~1000—
1500 K, methane (CH,) polymerizes to longer-chain alkanes
and also forms graphite (C) and molecular hydrogen (H,).**
The formation of unsaturated hydrocarbons is also reported at
higher temperatures.”**” Upon compression up to 5 GPa and at
temperatures of ~1500 K, ethane (C,H) transforms into a
mixture of relatively longer-chain hydrocarbons such as propane
(C3Hg), butane (C,H,p), and methane (CH,) and carbon
(C).** At pressure ~1 GPa, heptane (C,H,4) undergoes a first-
order phase transition from liquid to solid state.”**” Extensive
studies have been conducted to understand the behavior of n-
alkanes (up to C;5) at high pressures and temperatures.
However, the high-pressure and high-temperature behaviors of
n-alkanes with C,4—C,; remain relatively unknown and it will be
crucial to test whether these large-chain hydrocarbons are
indigenous to CC meteorites, are transformed products, or are
terrestrial contamination. It will be important to understand
whether subjecting meteorites to pressures and temperatures
will lead to the dissociation of large-chain n-alkanes. If the large-
chain n-alkanes undergo dissociation, it will be important to
understand the underlying mechanisms and the final products.
In this study, we examine the pressure response of a saturated
aliphatic hydrocarbon octadecane (C;gH,g; 1= 18, i.e., C,4) that
is abundant in meteorites.””

B METHOD

We have obtained the crystalline linear-chain octadecane sample
from Alfa Aesar with >99% purity. Due to the low melting point
(28 °C) of the sample, we followed a procedure during loading
ensuring that it was not inadvertently exposed to temperatures
above its melting point. We collected the ambient and high-
pressure Raman spectra of the octadecane sample using a Horiba
Jobin Yvon LabRAM Evolution Raman spectrometer located at
the Earth Materials Laboratory, Department of Earth, Ocean
and Atmospheric Sciences, Florida State University. We used a
1800 I/mm grating which set the resolution of the spectrometer
to 2 cm ™. We collected the Raman spectra using a frequency-
doubled solid-state Nd-YAG laser with a 532 nm wavelength. To
focus the laser within the diamond cell, we used a 50X infinity-
corrected long working distance objective. We used symmetric
cells for static compressions, that is, compression at room
temperature. The symmetric cells were equipped with an
ultralow fluorescence Type Ia diamond pair with a culet size of
300 um. We preindented the gasket to ~50 um thickness and a
sample cavity was drilled at the center of the indented metal
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Figure 1. Raman spectrum of octadecane at ambient pressures and
temperatures. (a) Low-energy region between 100 and 600 cm™! s
characterized by the LAM and is indicated by m = 1, 3, and S. (b)
Energy region between 800 and 1250 cm™' is characterized by
symmetric and asymmetric C—C stretching modes (v) and vibrations
related to H—C—H rocking modes (p). (c) Energy region between
1400 and 1600 cm ™" is characterized by H—C—H bending or scissoring
motions (5). (d) High-energy region between 2600 and 3000 cm™ is
characterized by vibrations due to symmetric and asymmetric C—H
stretching modes (v).

BB, 8, 8,8,8,8,8.8,

b ?

Observed @ ambient P-T
m

Calculated (with dispersion corrections)

Intensity [arbitrary units]

Calculated (without dispersion corrections)

| | |
300 400 500
Wavenumber [cm™]

|
100 200 600

Figure 2. Raman spectrum in the low-energy region between 100 and
600 cm™'. The spectral pattern in black is the observed Raman
spectrum of octadecane under ambient pressure and temperature
conditions. The fundamental LAMs and the overtones are indicated by
m=1,3,and S. The calculated spectra (in red) of the linear octadecane
chain with the B3LYP/6-311++G** method resulted in good
wavenumber agreement with the observed values (Table 1). To
account for the dispersion forces, the Grimme’s D3* corrections were
added to the B3LYP/6-311++G**. A molecular structure of linear
octadecane is shown in the inset. The dark gray spheres represent
carbon atoms and the light gray smaller spheres represent hydrogen
atoms.

gasket using the electrospark erosion technique. We used a
stainless-steel foil with a 150 pm thickness for the static

https://dx.doi.org/10.1021/acsearthspacechem.0c00259
ACS Earth Space Chem. 2021, 5, 449—456



ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

compression. Due to the waxy nature of the sample, we loaded it
without any pressure media. Few micron-size grains of ruby were
also loaded as a pressure marker.”®

To interpret the Raman spectra at high pressures, we have
performed first-principles simulations on CgH;g with different
configurations. We have used the GAUSSIAN 09W’® and
optimized the geometry of the C gHj, using the B3LYP**
energy functionals. We have employed the 6-311++G** basis
set for the calculations. To account for the dispersive forces
between the alkane chains, we have added Grimme’s Dispersion
D3 correction.”” We have probed three types of chain
configurations—linear, bent, and hairpin (Figures 2 and 4).
The linear and bent octadecane structure was created using the
GaussView software. In the bent configuration, we introduced
the kink at half the length of the chain, that is, an equal number
of carbons atoms on each segment of the chain (i, j = 9, Figure
4). In addition, we also explored an octadecane chain with a
hairpin bend, as reported in earlier studies.”” The longer part of
the hairpin segment was composed of eight adjacent carbon
atoms and the shorter part contained 2 adjacent carbon atoms
(Figure 4). We used GaussSum™* to determine the magnitude of
the vibrational energy/frequency. The full-width at half
maximum (fwhm) was fixed at 1 cm™, and the intensities
were scaled by a factor of 1.

B RESULTS

Raman Spectra of Octadecane at Ambient Pressure.
The ambient condition Raman spectra of octadecane exhibit
vibrations related to the (a) cooperative longitudinal motion of
the carbon atoms in the hydrocarbon chain mimicking an
accordion, that is, longitudinal accordion mode (LAM), (b) C—
C stretching (v) mode, (c¢) H—C—H twisting (7) modes (d) H—
C—H bending (6) modes, and (e) C—H stretching (v) modes
(Figure 1). The low-energy region between 100 and 600 cm ™" is
dominated by LAMs. The fundamental LAM is a low-energy
mode and observed at wavenumber <500 cm™. In the case of
octadecane, the fundamental LAM (m = 1) is observed at 131
cm™!, and the overtones at 357 cm™ (m=3) and 490 cm™" (m =
5) (Table 1). The LAM:s of the hydrocarbon chains are inversely
related to the size lengths of the chain and have been discussed

Table 1. Deconvoluted Raman Modes under Ambient
Conditions from Experimental Measurements and
Calculations

frequency [cm™]

calculated
with without
Raman modes  observed  dispersion  dispersion assignment
accordion 131 128 126 m=1
modes
357 357 350 m=3
490 501 488 m=3
g 514 530 516
p(CH,) 891 901 896 CH, rock
wy 972
v,(CC)-1 1011 1019 1013 CC symmetric
stretch
v,(CC)-2 1044 1058 1049 CC symmetric
stretch
1,(CC)-1 1061 1068 1065 CC asymmetric
stretch
1,(CC)-2 1086 1102 1098 CC asymmetric
stretch
¥(CC)-1 1135 1149 1147 CC stretch
1(CC)-2 1174 1202 1202 CC stretch
8(CH,) 1443 1492 1488 CH, bending
1468 1495 1491
1480 1499 1499
v(CH;—CH,) 2726 CH;—CH, stretch
v,(CH,) 2847 2995 2995 CH, symmetric
stretch
w3 2859
o 2879
v, (CH,) 2882 3006 3007 CH, asymmetric
stretch
v,(CH,) 2931 3015 3017 CH, symmetric
stretch
v,,(CH,) 2966 3081 3081 CH, asymmetric

stretch

extensively in an earlier report.”” In addition to LAMs, a weak
eak at 514 cm™" is also observed (Figure 1).
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Figure 3. (a) Pressure evolution stack plot of selective Raman spectra of octadecane in the region 100—600 cm™. The accordion modes are marked
with m values. The new modes, ®,—s, are observed at high pressure. The wavenumber region below 100 cm™" was not considered for its proximity to
the notch filter cutoff frequency. The high-pressure plots are scaled 3—6 times to highlight the modes. The spectra within the dashed box region are
magnified in the plot (b). (b) Pressure evolution stack plot of Raman spectra of octadecane in the region 100—250 cm™" upto 4.4 GPa. Arrows indicate
the appearance of new modes at 2.9 GPa. (c) Plot shows the deconvoluted Raman mode frequency as a function of pressure. The dashed gray lines are

polynomial fit to the measured data points (light orange filled circles).
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Table 2. Pressure Dependence of Deconvoluted Modes

frequency ov/oP
vibration [em™] [cm™!/GPa] remark
W, 108 10.1 £ 4.0 appears at
29
W, 119 48+ 03 appears at
5.7
fundamental accordion mode, 134 53+0.1
m=1
[ 141 11.8 £3.5 appears at
7.2
w, 153 8.7+ 3.6 appears at
5.7
ws 154 105+ 12 appears at
2.9
overtone accordion mode, 357 4.1 +0.1
m=3
overtone accordion mode, 490 3.8+ 04
m=3$
W S14 40+02
CH, rock 891 3.6+0.3
W 896 0.6 +0.1 appears at
wg 916 3.6+0.1 appears at
4.4
w, 972 46£05
CC symmetric stretch 1011 5.6+02
CC symmetric stretch 1044 4.6 £0.1
CC asymmetric stretch 1061 3.8+04
CC stretch 1086 4.6 £ 04
CC stretch 1135 45+02
CC stretch 1174 0.7 £0.1
CH, twist 1296 25+01
CH, bend 1443 55+0.1
CH, bend 1468 6.0 +£0.5
CH;—CH, stretch 2726 63+02
CH, symmetric stretch 2847 112+ 0.5
w13 2859 112 + 4.7
o 2879 140 + 12
CH, asymmetric stretch 2882 270+ 1.6
CHj; symmetric stretch 2931 13305
CHj; asymmetric stretch 2966 13.5+02

The ambient Raman spectrum in the energy region between
800 and 1250 cm™" of octadecane is characterized by rocking
motions of the H—C—H cluster of atoms with p(CH,) ~891
cm™ . This region is also characterized by symmetric stretching
of C—C atom pairs with v,(CC)-1 ~1011 cm™" and ,(CC)-2~
1044 cm™" and asymmetric stretching of C—C atom pairs with
v,,(CC)-1: 1061 cm™ and v,(CC)-2: 1086 cm™'. Two
additional modes observed at 1135 and 1174 cm™ are also
likely to be associated with the C—C stretching motion. The
energy region between 1400 and 1600 cm ™" is characterized by
bending or scissoring vibrations of the H-C—H clusters. The
high-energy region between 2600 and 3000 cm™' is charac-
terized by C—H stretching vibrations (Table 1).

Static Pressure Dependence of Raman Modes of
Octadecane. To understand the behavior of the Raman
modes at high pressures, the octadecane was compressed at
room temperature up to ~18 GPa in a symmetric diamond anvil
cell. In the low-energy region between 100 and 600 cm ™}, the
modes observed under ambient conditions stiffened upon
compression. We observed pressure-induced reduction of
intensity for all the LAMs including the fundamental and
overtones, that is, m = 1, 3, and 5. LAMs were not detectable

452

above ~14 GPa (Figure 3). In addition, upon compression, we
observed several new modes including @, ~108 cm™" and wg ~
154 cm™" at 2.9 GPa, w, ~ 119 cm™' and @, ~ 153 cm ™" at 5.7
GPa, and w; ~ 141 cm™" at 7.2 GPa (Table 2, Figure 3, and
Supporting Information Figure SF1). The pressure dependence
of these pressure-induced new modes, that is, dw;/ 0P, where i =
1-S5, ranges between 6.8 and 11.8 cm™'/GPa. The dw;/dP of the
pressure-induced new modes is significantly higher than the
pressure dependence of the LAMs, that is, dm;/0P where i = 1—
3, ranging from 3.8 to 5.3 cm~'/GPa. This indicates that these
new modes are softer and likely related to vibration with a
weaker force constant. To understand these pressure-induced
low-energy (<200 cm™') modes (w;, where i = 1-5), we used
first-principles simulations to calculate Raman spectra of an
octadecane molecule with a bent and a hairpin configuration
(Figure 4). Comparing the observed Raman spectra at 4.4 GPa
and the calculated Raman spectra for the octadecane molecule
with linear, bent, and hairpin configurations, it is likely that the
pressure-induced modes are associated with the bent config-
urations (Figure 4). To accurately assign the spectral modes
observed on compression, the pressure evolution of the crystal
structure obtained from complementary studies such as
neutron/X-ray scattering must be considered in the first-
principles calculation, which requires further study.

On compression, the modes in the intermediate-energy
region ~800—1250 cm™}, that is, C—C stretching modes,
v(CC), and vibrations related to H—C—H rocking modes,
p(CH,), are observed to stiffen (Figure S). Additionally, the
modes in the intermediate-energy region ~1400—1600 cm™,
that is, bending or scissoring vibrations of the H—C—H clusters,
6(CH,), and the modes in the high-energy region ~2600—3200
cm™!, that is, C—H stretching vibrations, v(CH), stiffened upon
compression (Figure 6). The rocking mode, p(CH,) ~891
cm™, stiffens upon compression and remains intense up to the
maximum pressures explored in this study. Upon an increase in
pressure to 4.4 GPa, we observe the development of shoulder
modes [w, and wg] on either side of the p(CH,) mode. The
weak shoulder modes could not be deconvoluted beyond ~10
GPa. An extra mode [@y] of the unknown origin at 972 cm™'
also increases in frequency with pressure; however, it was not
discernible at higher pressures and could not be deconvoluted
beyond 4 GPa. The symmetric and asymmetric stretching
frequencies for the C—C cluster of atoms in the wavenumber
range from 1000 to 1250 cm™" increase with pressure and show
significant broadening at high pressures. The pressure depend-
ence of most of the C—C stretching modes (i.e., dv/0P) varies
between 4 and 5.6 cm™'/GPa, except for the mode at 1174 cm™"
[v(CC)-2] which remains fairly insensitive to pressure with ov/
0P = 0.7 cm™'/GPa (Table 2) and disappears around 7 GPa,
portraying a soft-mode-type behavior.”>*® All the C—H,
bending mode [5(CH,)] frequencies increase with pressure
and show severe broadening beyond 3 GPa. Consequently,
above 3 GPa, only a broad mode was observed at the C—H,
bending frequency region, as distinguishing individual modes
were beyond the resolution of our spectrometer. In the C—H
stretching region from wavenumber 2700—3000 cm™', the
modes were observed to stiffen and broaden with compression.
The mode due to CH;—CH, stretching vibrations gradually
decreased in intensity and could not be observed beyond 11.8
GPa (Figure 6). Except for the two modes (@3 and @,,), likely
due to CH stretching motions, the other symmetric and
asymmetric CH stretching modes did not persist up to the
highest pressure explored in this study.

https://dx.doi.org/10.1021/acsearthspacechem.0c00259
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Figure 5. (a) Pressure evolution stack plot of selective Raman spectra of octadecane in the region 850—1250 cm™". (b) Plot shows the deconvoluted
Raman mode frequency as a function of pressure. The dashed gray lines are polynomial fit to the measured data points (light orange filled circles).

B DISCUSSION

In general, the linear-chain alkanes are energetically favored over
bent/hairpin structures up to a critical chain length, n. = 16—
17.2%=% Beyond this critical chain length, the attractive
intramolecular forces will aid in the formation of a hairpin/
folded state from the linear chain in the absence of another
perturbative field. In this study, experimental observations and
complimentary first-principles simulations indicate that upon
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compression, the molecular structure of octadecane (C;3H;)
evolves from a linear to a bent-chain configuration around ~3
GPa. At high pressures, although, a transition to a hairpin/folded
state appears unlikely based on a comparison between the
observed and calculated spectra (Figure 4). Our results on
octadecane are similar to a recent study on tricosane (Cy3Hyg),
which also reveal pressure-induced new low wavenumber
modes, albeit at a lower pressure of 0.3 GPa.”” The appearance

https://dx.doi.org/10.1021/acsearthspacechem.0c00259
ACS Earth Space Chem. 2021, 5, 449—456
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of the new modes was attributed to bent-chain configurations.”
Similar transformations have been also observed in n-heptane
which undergoes a solid—solid all trans-conformer transition
and associated pressure-induced chan%es in the low wave-
number external modes above 7.5 GPa.”” We suspect that the
gauche-trans transition is accompanied by a bending of the n-
heptane chain above 7.5 GPa. We find a linear correlation
between the chain length and the transition pressures between
linear and bent configuration. It is expected that the energy
requirement for bending a chain will decrease with the
increasing number of the carbon atom. Our correlations indicate
that for a chain length > C,,, the chain is likely to bend at
moderate to ambient pressures (Figure 7). However, we
recognize that this correlation is based on a limited number of
chain lengths examined and a systematic study on n-alkane with
different chain lengths is warranted for evaluating this
proposition.

The formation of the bent structure at high pressures has
implications on the dissociation mechanism of alkanes. Long-
chain alkanes (C,5 and C,,) are known to undergo complete
dissociation at high pressure and temperature into nano-
diamonds;** however, the exact dissociation mechanisms are
not well understood. The probable mechanism of dissociation
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will likely depend on the actual P-T path followed.”* While this
present study cannot confirm the dissociation of long-chain
alkanes, it certainly provides valuable insights into the
breakdown mechanism. Our observations demonstrate that
static compression leads to the bending of the linear chains. The
kinks in the bent structure are likely to act as the nucleus that is
likely to facilitate the eventual dissociation of the larger chains at
relevant temperatures, that is, aided by sufficient thermal energy.

The octadecane reveals remarkable phase stability over the
pressure range discussed in this study. Aside from the
appearance of the low wavenumber modes around 4—5 GPa,
no other distinct changes in the spectral pattern were observed
that would be indicative of a transformation/dissociation to a
different compound. Similar phase stability as a function of
pressure was observed for tricosane to 23 GPa.”> The phase
stability of C3 and C,; over a large range of pressure indicates
that the aliphatic hydrocarbons, likely, would have survived the
impact experienced by the interplanetary dust particles or
microsized meteorites during the exogenous delivery of organic
matter in the late heavy bombardment period (4.5—3.8 Ga).
The absence of any dissociation/polymerization with compres-
sion of large-chain aliphatic hydrocarbon implies that the
pressure range explored in this study will not transform n-

https://dx.doi.org/10.1021/acsearthspacechem.0c00259
ACS Earth Space Chem. 2021, 5, 449—456



ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

alkanes to organic precursor complex molecules, which are
essential for life.
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