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A B S T R A C T 

The recent disco v ery of 1-propanol (CH 3 CH 2 CH 2 OH) in the interstellar medium (ISM) is of tremendous interest since fatty 

alcohols have been proposed as constituents of proto-cell membranes. Moti v ated by this discovery, we present the laboratory mid- 
infrared (MIR) and vacuum ultraviolet (VUV) absorption spectra of 1-propanol ice under astrochemical conditions, mimicking 

an icy mantle on cold dust in the ISM. Both MIR and VUV spectra were recorded at ultrahigh vacuum of ∼10 

-9 mbar and at 
temperatures ranging from 10 K to sublimation. The morphology of the 1-propanol ice deposited at 10 K was amorphous. By 

warming the ice to temperatures of 140 K and abo v e, with subsequent recording of IR spectra, we observe complete sublimation 

of 1-propanol molecules from the substrate around 170 K. No amorphous-to-crystalline phase change was observed upon 

warming to higher temperatures. Additionally, we observe the IR and VUV signatures of 1-propanol ice on the substrate well 
beyond its melting point (147 K). To the best of our knowledge, this is the first reported observation of a molecular ice staying 

well beyond its melting point under such conditions. This result shows that the morphology of icy mantles on ISM cold dust 
grains is more complex than previously thought. Our atomistic molecular dynamics simulations capture the experimental trends 
and shed light on the microscopic origin of this unusual phase behaviour of 1-propanol. 

Key words: astrochemistry – molecular data – methods: statistical – software: simulations – ISM: molecules – infrared: general. 

1

S
1  

m
i  

2  

t  

C  

m
o
m
&  

t

�

m
†

s
1  

A
k

 

a  

e  

a  

f
i  

L
b
c
&

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/1027/7630227 by guest on 22 April 2024
 I N T RO D U C T I O N  

ince the identification of methanol and ethanol (Ball et al. 
970 ; Zuckerman et al. 1975 ), it has become well-established that
olecules containing the hydroxyl (OH) group are present in the 

nterstellar medium (ISM; e.g. Turner & Apponi 2001 ; Hollis et al.
004 ). These molecules are also known to be the constituents of
he icy surfaces found within the Solar system (e.g. Despois 1992 ;
rovisier et al. 2004 ). In fact, their role in the chemistry of complex
olecular evolution is quite central as they hold large amounts 

f hydrogen within their structure. The physicochemical nature of 
ethanol and ethanol in the ISM is quite well explored (Ehrenfreund 
 Charnley 2000 ). The formation of these simple alcohols is known

o occur through the irradiation of mixtures of simpler molecules 
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uch as carbon monoxide, ammonia, and water (Kasamatsu et al. 
997 ; Watanabe & Kouchi 2002 ; Hiraoka, Mochizuki & Wada 2006 ).
dditionally, a pathway via hydrogenation of formaldehyde is also 
nown to synthesize methanol (Fuchs et al. 2009 ). 
With the disco v ery of simple alcohols, the search for larger

lcohols has intensified. The detection of propanol in the ISM (Hollis
t al. 2004 ) provided evidence of the possible presence of fatty
lcohols in the ISM, as aldehydes can be considered proxy molecules
or their corresponding alcohols. This was further supported by the 
dentification of propanol in the comet CG-67P (Altwegg et al. 2017 ).
aboratory e xperiments hav e also demonstrated that propanol can 
e synthesized alongside simple alcohols by irradiating a mixture of 
arbon monoxide and methane with energetic electrons (Abplanalp 
 Kaiser 2019 ). A hydrogenation pathway from carbon monoxide 

uring its freeze-out phase, in the presence of acetylene, is also
nown to synthesize 1-propanol (Altwegg et al. 2017 ). 
Given that propanol can be synthesized through multiple pathways 

nder the cold dust conditions of the ISM, its presence in the ISM
as anticipated to be within detectable limits. As expected, focused 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. VUV spectra of 1-propanol ice recorded after deposition at 10 K. 
The deposited ice was then warmed to higher temperatures and spectra 
recorded at specific temperatures until sublimation. 
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bservations confirmed the presence of 1-propanol in the ISM
Jim ́enez-Serra et al. 2022 ). This disco v ery is of tremendous interest
ince fatty alcohols have been proposed as constituents of proto-
ell membranes (Ruiz-Mirazo, Briones & de la Escosura 2014 ).
o we ver, our understanding of the physicochemical nature of 1-
ropanol in the ISM remains quite limited. Although reports exist on
he infrared (IR) spectra of this molecule in both liquid and ice phases
Doroshenko, Pogorelov & Sablinskas 2012 ; Hudson & Moore
018 ; Qasim et al. 2019 ), detailed experiments on the temperature-
ependent behaviour of 1-propanol ice are scarce. Therefore, we
onducted an experimental investigation of this fatty alcohol under
strochemical icy conditions. 

To support and interpret the experimental findings, we also
mployed molecular dynamics (MD) simulations for the 1-propanol
ystem. While computer simulations have been extensively used
o investigate this molecule in its liquid and gas phases (Zangi
018 ; Pethes et al. 2021 ), research into its ice phase remains scarce.
reviously, we have studied the ice phase of another astrochemical
omplex organic molecule (COM) methanol using MD simulation
Nag et al. 2023 ) and explained the recent experimental observation
f the same molecule (Luna et al. 2018 ). By employing compu-
ational techniques, we aim not only to reproduce and elucidate
he experimental results but also to delineate the physicochemical
roperties of 1-propanol. A comprehensive understanding of 1-
ropanol, achieved through a combination of experimental and
omputational approaches, is crucial in astrochemistry due to its
ele v ance as a precursor to more COMs and its potential role as
n indicator of life’s fundamental components (Ruiz-Mirazo et al.
014 ). This study will not only enhance our fundamental knowledge
f this molecule but also shape the trajectory of future studies of
imilar organic molecules. 

 M E T H O D O L O G Y  

hree different techniques were employed to investigate the 1-
ropanol ice under astrochemical conditions. The details of each
echnique are elaborated below. For all the experiments 1-propanol
n liquid form, procured from Merck (purity ≥ 99 . 9 per cent ), was
sed. 

.1 Vacuum ultraviolet spectroscopy 

acuum ultraviolet (VUV) experiments of 1-propanol ices were
onducted using VUV light from beamline BL-03 of the Taiwan
ight Source (TLS) at the National Synchrotron Radiation Research
entre (NSRRC), Taiwan. One of the end stations of the beamline

s connected to an ultrahigh vacuum (UHV) chamber containing a
losed cycle helium cryostat with a VUV transparent lithium-fluoride
LiF) window attached to its cold finger using a copper substrate
older. This window is cooled down to 10 K and serves as the
nterstellar dust analogue. Detailed discussions of the experimental
et-up, liquid sample preparation, and the spectral acquisition have
een presented in Lu et al. ( 2008 ), and the chamber set-up is similar
o one shown in fig. 2 of Ramachandran et al. ( 2023 ). 

A VUV spectrum, spanning 115–220 nm with a step size of 1 nm,
f the blank LiF window at 10 K was recorded at the beginning of
ach experiment. This spectrum was used as I 0 for the respective
xperiments. The sample was then deposited on the LiF window
sing a deposition technique similar to that explained in the previous
ection. Spectra recorded after deposition are used as I . From I 0 and
 , the VUV spectra of 1-propanol ice were calculated using the Beer–
ambert law. After deposition and obtaining a spectrum at 10 K, the
NRAS 530, 1027–1034 (2024) 
ce was heated to higher temperatures until sublimation, with VUV
pectra recorded at regular intervals. 

.2 Mid-infrar ed spectr oscopy 

he astrochemical icy mantle conditions were recreated using the
imulator for Astromolecules at Low Temperature (SALT) facility
oused at the Physical Research Laboratory, Ahmedabad. The
xperimental system can achieve pressures of 10 −10 mbar at 10 K.
 zinc-selenide (ZnSe) substrate is used as the ISM dust analogue,
hich, when placed on the substrate holder at the tip of the closed-

ycle helium cryostat, reaches temperatures as low as 10 K while the
ystem is under UHV conditions. A cryogenic temperature controller
Lakeshore) regulates the sample’s temperature and heating rate. A
etailed description of this set-up can be found in Ramachandran
t al. ( 2023 ). In these experiments, a heating rate of 5 K min −1 was
rimarily employed. The deposited molecular ices were probed in
itu using IR spectroscopy (Nicolet iS 50 FTIR Spectrometer), in
he mid-IR (MIR) range (4000 to 650 cm 

−1 ; resolution 4 cm 

−1 and
ntegration time 86 s). 

1-propanol from the sample holder was vapour deposited (through
 differential pressure technique) on to the ZnSe window maintained
t 10 K. Deposition was carried out for approximately 50 s at a
ressure of around 7 × 10 −9 mbar. A post-deposition IR spectrum
as recorded at 10 K. The resultant ice was then heated at the rate of
 K min −1 in 10 K increments until 140 K, with subsequent recording
f IR spectra. After 140 K, the sample was heated to 145, 146, 147,
nd 150 K, with IR spectra recorded for each temperature. Beyond
50 K the sample was heated in 5 K increments, and IR spectra were
ecorded until sublimation. Deposition was also performed at 130,
45, 150, 160, 170, 180, and 185 K. In all these cases, the ice was
eated at the rate of 5 K min −1 until sublimation, with subsequent
ecording of IR spectra. 

.3 Computational details 

n order to obtain a better understanding of the phase behaviour of
-propanol, a vacuum-deposited film of 1-propanol on potassium-
romide (KBr) surf ace w as simulated, and subsequently, the density
f states (DoS) spectra was calculated in simulation as a func-
ion of temperature. To model 1-propanol, the all-atom OPLS-
A (Jorgensen & Tirado-Rives 2005 ; Dodda et al. 2017b ) force-
eld parameters were used. The LigParGen (Dodda et al. 2017a )
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Figure 2. (a) MIR spectra of 1-propanol ice recorded after deposition at 
10 K. The ice was then warmed to higher temperatures with subsequent 
recording of spectra at specific temperatures until sublimation. A spectrum 

around the melting point of 1-propanol ( ∼147 K) was recorded. Beyond the 
melting point a significant amount of 1-propanol was observed to be present 
until sublimation around 175 K. (b) MIR spectra of 1-propanol ice deposited 
at 10 K and higher temperatures ranging from 130 to 185 K, respectively. 
These correspond to temperatures a few K abo v e and below the melting point 
of 1-propanol. Molecules of 1-propanol are found to adhere and form layers 
on the dust analogues even beyond its melting point. 
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opology generator for the aforementioned force field was utilized 
o generate the topology in GR OMA CS-compatible format, which 
as subsequently used for all MD simulations. Further, to take into 

ccount the Coulombic interactions, electrostatic potential (ESP) 
harges were used as atomic partial charges. These charges were 
btained during crystal structure prediction (CSP) calculation. All 
he force field parameters are tabulated in Tables S1–S5 in the 
upporting Information (SI). For modelling of KBr, the potential 
arameters developed by Barbosa (Fuentes-Azcatl & Barbosa 2018 ) 
ere used. The same potential parameters for KBr had been used in
ur earlier work on methanol adsorbed to KBr substrate (Nag et al.
023 ). Lorentz–Berthelot mixing rules were applied for non-bonded 
nteractions between 1-propanol and KBr. 

For benchmarking the applicability of OPLS-FF parameters, 
everal thermodynamic and spectroscopic properties of 1-propanol 
n liquid and gas phases such as bulk density, specific heat, and
ibrational spectra under atmospheric pressure were obtained in 
imulation and compared with known values of these properties 
Stromsoe, Ronne & Lydersen 1970 ; NIST 2023 ). The methology is
escribed and the benchmarking results are tabulated in the SI. Using
PLS-FF as the forcefield (FF) of choice, a very good agreement

ould be seen between simulation and experiment (see Table S6 in
I). 
After benchmarking the FF against 1-propanol, the molecule of 

nterest, the simulated deposition of 1-propanol was performed using 
he PYTHON package PYTHINFILM (Stroet et al. 2022 ). PYTHINFILM , 
r PYTF , acts as a PYTHON -based frontend to run classical MD
eposition simulations using GR OMA CS (Abraham et al. 2015 ) as
he MD engine. The deposition was carried out using the ‘vacuum
eposition’ method which can be described as the insertion of the
olecule at a distance (hence called insertion distance) away from 

he substrate, and letting the dynamics run until the molecule settles
n the substrate; the entire system is kept under a tall column of
acuum during this entire step. This step in the process is carried
ut one by one on a per-molecule basis until the desired number of
olecules have been successfully deposited on the surface. For our 

ystem, the insertion distance was set to 8 nm, while the column
f the vacuum was chosen to be 20 nm long. All the details of the
eposition simulations are provided in the SI. 
All the MD simulations were performed using the GR OMA CS

023.1 (Abraham et al. 2015 ) MD package. The deposited system
f 1-propanol in vacuum on the KBr substrate was simulated 
n the constant temperature (NVT) ensemble using the stochastic 
elocity rescaling thermostat (Bussi, Donadio & Parrinello 2007 ) 
ith temperature coupling constant value fixed at 1 ps. A 1 fs

ntegration time-step was employed to simulate the system with 
n updated neighbour list every 100 time-steps. For short-range LJ 
nd electrostatic interaction, the cut-off distance was set to 12 Å.
ong-range electrostatics were handled via the particle mesh ewald 

PME; Darden, York & Pedersen 1993 ) method using fourth-order 
nterpolation (Essmann et al. 1995 ) while the Fourier spacing was
ept at 0.16 nm. 

At all temperatures, the equilibration runs were carried out for 
t least 20 ns and extended further depending on the convergence 
f potential energy to ensure thorough thermalization. This was 
ollowed by a 30 ps simulation in the NVT ensemble to compute
he corresponding density of states using the 2PT algorithm (Lin, 
lanco & Goddard 2003 ; Lin, Maiti & Goddard 2010 ). During the
0 ps NVT simulation run to obtain DoS, the coordinates, velocities,
nd energies were stored at every 2 fs. 

 RESULTS  A N D  DI SCUSSI ON  

.1 Experimental results (VUV and IR) 

UV spectra of 1-propanol ice, deposited at 10 K and subsequently
armed to higher temperatures, are shown in Fig. 1 for selected

emperatures. At 10 K, the ice exhibits a broad absorption, with no
ne structures visible between 115 and 170 nm. As the ice is warmed

o higher temperatures, the spectra reveal a peak around 142 nm at
20 K, which intensifies upon further warming to 130 and 140 K.
he spectrum recorded upon warming the ice to 147 K (melting
oint of 1-propanol ice at atmospheric pressure; Tschamler, Richter 
 Wettig 1949 ) remains similar to the spectrum at 140 K, with a slight

eduction in absorbance intensity. We compare the melting point at 
tmospheric pressure with the ice characteristics at UHV because 
ven though melting points at UHV are unavailable in literature for
ost molecules, it can be conjectured that they will be lower than the
elting point at atmospheric pressure. Hence, in this paper, melting 
MNRAS 530, 1027–1034 (2024) 
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oint implies melting point at atmospheric pressure. The heating
as continued to temperatures as high as 170 K, revealing weak

bsorbance in the lower wavelength range of 115–145 nm. 
A similar experiment employing IR spectral probing was con-

ucted on 1-propanol ice. The resulting spectra at a few selected
emperatures are presented in Fig. 2 . The spectrum of the 1-
ropanol ice at 10 K exhibited all the expected peaks, such as
hose corresponding to OH symmetric stretching, CH 3 and CH 2 

ymmetric stretching, and CH 2 asymmetric stretching, CH 3 rocking
nd CH 2 -O stretching vibrations. The ice was then warmed to higher
emperatures, up to 175 K, with subsequent recording of spectra. 

Upon close examination of the spectral signatures, we focus on
he OH symmetric stretching and CH 3 rocking vibrations. As evident
rom Fig. 2 (a), significant changes are observed in these two peaks
s the ice is warmed from 10 to 175 K. The peak corresponding to
he OH stretching vibration at 10 K was much broader and featured a
houlder peak. As the ice was warmed, the shoulder peak gradually
isappeared, and the OH stretching vibration appeared as a single
eak, significantly narrower than the peak observed at 10 K. Ho we ver,
he width of the OH stretching vibration was observed to widen
lightly as the ice was further warmed to 160 K. At 175 K, the peak
ntensity had reduced, but the peak position and width remained
imilar to the spectrum at 160 K. 

The band at 1069 cm 

−1 assigned to the CH 3 rocking vibration had
 shoulder peak, around 1058 cm 

−1 , at 10 K, which was observed
o intensify . Notably , in the spectrum recorded at 50 K, the intensity
ncrease was significant. The intensities of these two peaks were
early equal in the spectrum recorded at 80 K. Ho we ver, the intensity
f the 1058 cm 

−1 peak continued to increase, as observed in the
pectra recorded at higher temperatures, from 120 to 160 K. At
75 K, despite a significant reduction in absorbance, the intensity
f the 1058 cm 

−1 peak remained well abo v e that of the 1069 cm 

−1 

eak. No significant changes were observed in the remaining peaks
n the MIR spectra of 1-propanol ice from 10 to 175 K. 

While VUV spectra revealed the presence of 1-propanol ice well
eyond the melting point of the ice, the only observable change was
he broad spectral signature with a slight intensity variation at 140 K.
o we ver, in the IR spectral probing of 1-propanol ice, significant

hanges were observed in the OH stretching and CH 3 rocking
ibrations, indicative of molecular reorientation occurring as the
morphous ice formed at 10 K was warmed to higher temperatures.
he reduction in the breadth of the OH band is attributed to ice
ompaction. The intensity reversal observed between the 1071 and
057 cm 

−1 band is also indicative of ice compaction as the ice
ended towards a more ordered structure. Notably, the signatures for
rystalline 1-propanol ice were entirely absent in the IR spectra, as
o sharpening or splitting of the bands was observed. 
The deposition was also performed at 130, 145, 150, 160, 170, 180,

nd 185 K, with the corresponding IR spectra shown in Fig. 2 (b). In
ach case, the ice was warmed until sublimation, and IR signatures
f the ice were observed up to 185 K. Ho we ver, at 180 and 185 K, the
ce could only remain on the substrate for approximately 1 min. The
eposited ice was amorphous and maintained its amorphous state
hroughout the experiments. 

It is noteworthy that we were able to record the VUV and IR
pectrum of 1-propanol well beyond its melting point (147 K), and
he ice was observed to remain amorphous throughout the warming
rocess, from 10 to 175 K, until sublimation. This marks the first
bservation of a molecule staying on a cold substrate well beyond
ts melting point in a UHV chamber. It is also worth mentioning that
-propanol, a positional isomer of 1-propanol, does not show such a
ehaviour. It does crystallize (120 K), and sublimates (150 - 155 K)
NRAS 530, 1027–1034 (2024) 
efore melting point (184 K; Ayling et al. 2017 ). In Table S8 in
he SI, we compare the melting point and sublimation temperatures
nder UHV conditions for molecular ices formed on cold substrates,
nalogous to astrochemical icy conditions. The comparison is made
etween samples that exist as liquids at the standard temperature and
ressure (STP) condition and ices formed by extracting vapours from
heir liquid counterparts. To date, the molecular ices are known to
ither sublime or e xhibit rev ersible phase change as they approach
he melting point (Pavithraa et al. 2017 ). Ho we ver, from the spectral
ignatures, it is clearly evident that 1-propanol is present well beyond
ts known melting point, even under UHV conditions. We suspect the
o w v apour pressure of 1-propanol at such low temperatures could be
he reason for the presence of this molecule well beyond the melting
oint. This conclusion is supported by a series of experiments where
-propanol ice was warmed from 10 K to higher temperatures, such
s 150, 160, and 170 K. Rate of loss of 1-propanol molecules from
he substrate under isothermal conditions was observed to follow the
ollowing order: 170 K > 160 K > 150 K. 

.2 Computational results 

.2.1 Predicted crystal structure of 1-propanol 

nder astrochemical icy conditions, most of the molecular ices,
specially lighter molecules, are known to exhibit the amorphous-to-
rystalline phase transition (e.g. Yuan, Smith & Kay 2016 ; Pavithraa
t al. 2017 , and many others) which naturally raises the question
f its possibility for 1-propanol under similar conditions. As the
rystal structure of 1-propanol is not yet experimentally known,
he technique of CSP to obtain the possible crystal structure of
his molecule is key to investigating this phenomenon. In the
ontext of comparing and understanding the possibility of phase
ransition between crystalline and amorphous phases, knowing the
redicted crystal structure provides valuable insights. It serves as a
eference point for understanding the differences between the two
hases, from a structural and molecular point of view. Through
omparisons between the crystal structure and the amorphous state
f the deposited layer, one can pinpoint differences in molecular
rrangement, bonding, or other structural aspects, shedding light on
he factors responsible for the phase behaviour of the molecule under
strochemical conditions. 

To obtain the initial crystal structure of 1-propanol, theoretical
SP calculations were run. The top 100 ranked structures obtained

rom the forcefield-based rigid CSP computations for 1-propanol
ere initially saved as candidates. The crystal structure search was
erformed using the electrostatic potential derived (ESPD) atomic
harges considering Z 

′ = 1 in the top 22 space groups co v ering 95
er cent of total occurrences in the Cambridge structural data base.
nput geometry and ESPD charges used in the CSP computation
ere obtained from gas phase DFT computations performed using
eta-GGA M06-2X functional with 6–311 ++ G(d,p) basis. From

he 100 structures, the final choice was selected to be the best guess,
s the unit cell was isostructural with n-pentanol (Ram ́ırez-Cardona
t al. 2005 ), another primary alcohol. Section S4 of SI contains the
omprehensive procedure for predicting the crystal structure of 1-
ropanol using CSP. 
The chosen crystal structure is a monoclinic unit cell as shown

n Fig. 3 . The unit cell lengths are ( a = 4.4354 Å, b = 4.4702 Å,
 = 19.7348 Å), and the angles ( α = γ = 90 ◦, β = 95.1940 ◦).
o confirm the low-temperature stability of this crystal structure, a
teepest descent energy minimization followed by an NPT simulation
t 10 K, and atmospheric pressure was carried out for 10 ns with a
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Figure 3. Predicted crystal structure for 1-propanol. Carbon, oxygen, and 
hydrogen atoms are shown in cyan, red, and white colour, respectively. 
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Figure 4. Comparison between the DoS of simulated bulk 1-propanol solid 
and experimentally obtained IR spectra of deposited 1-propanol at 10 K and 
120 K. 

Figure 5. Simulated DoS spectra of the system of 400 molecules of 1- 
propanol deposited on the KBr substrate throughout a range of temperatures. 
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ime-step of 1 fs. During the simulation, the Berendsen thermostat 
nd barostat with a temperature coupling were used with a 1.0 ps
ime constant. As shown in Figure S8 (shown in the SI), the cell
engths level off quickly after a few hundred picoseconds at 10 K,
hich provides assurance that the crystal structure is stable enough 

o hold the configuration at this temperature. To obtain temperature- 
ependent behaviour, the post-equilibration configuration at 10 K 

as slowly heated to the required temperature, and then equilibrated 
or a few nanoseconds, following which it was heated to the next
equired temperature. The complete step-by-step temperature ramp 
s outlined in Figure S6 (in the SI). 

.2.2 Simulated IR spectra of 1-propanol and comparison 

he simulated density of states of 1-propanol crystal structure in bulk 
hase was obtained for different temperatures through the course of 
nnealing starting from 10 till 120 K. The spectra at the interval
emperatures were computed for the range of 500–4000 cm 

−1 (please 
ee Figure S9 in the SI). The spectrum of the simulated solid at 10
nd 120 K was compared against the experimental IR spectrum at 
he same temperature, in Fig. 4 . There is a good agreement between
he calculations and experiments in the peak positions, except the 
eak corresponding to the OH stretching vibrations, which appears 
s a broad peak centred around 3400 cm 

−1 in the experiment, but in
imulation, it appears as a shorter, sharper peak at ∼3700 cm 

−1 .
he family of peaks in the 1100–850 cm 

−1 range that shows a
niform shift of ∼70 cm 

−1 between simulated and experimental 
ase correspond to the same vibrations: CH 3 rocking, CH 3 -CH 2 

tretching, and CH 2 -O stretching in both cases. 
To interpret the experimentally observed behaviour of 1-propanol 

n relation to temperature from a molecular perspective, MD sim- 
lations were performed on a vacuum-deposited system of 400 1- 
ropanol molecules on a KBr surface. To heat the system, a linear
emperature ramp with a heating rate of 0.05 K/ps was employed. 
ollowing the deposition simulations and subsequent heating, the 
alculation of the DoS was carried out at various temperatures. 
he range of spectra for various temperatures is shown for the full

ange frequency range in Fig. 5 . To identify the various trends in the
pectra, it is convenient to zoom into the (1500–700 cm 

−1 ) frequency
egion. In this region, many trends can be observed in the form of
he appearance or disappearance of peaks, and the change in the 
elative heights of the peaks. As highlighted in Fig. 6 , there are
everal peaks that show differences with respect to temperature in 
he 1500–700 cm 

−1 range. 
In Fig. 6 , a number of spectral features have been highlighted to
how the temperature variation of these respective peaks. Amongst 
hese, the pair of peaks labelled ‘iv’ is worth paying attention to,
s they are the peaks corresponding to the CH 3 rocking, CH 2 -CH 2 

tretching, and CH 2 -O stretching vibrations. They are located at ν1 

 996 cm 

−1 and ν2 = 961 cm 

−1 . At 10 K, a lower wavelength peak
s present and has a similar intensity to the higher wavelength peak.
n heating, ν1 begins to diminish in relative intensity while ν2 gains 

ntensity. At T > 120 K, ν1 has disappeared completely and ν2 has a
igher intensity than at 10 K. A concise description of the peaks and
heir temperature-dependent behaviours are listed as follows: 
MNRAS 530, 1027–1034 (2024) 
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M

Figure 6. 1600–600 cm 

−1 range of the simulated IR spectra of the system of 
400 molecules of 1-propanol deposited on the KBr substrate. Specific regions 
of interest have been marked and labelled. 

Figure 7. Experimental IR spectra zoomed in to 1600–600 cm 

−1 range. The 
highlighted pair of peaks at 1069 and 1059 cm 

−1 shows a trend of change in 
relative height that corresponds to a similar observation in the spectra of the 
simulated system. 
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(i) Peak at 745 cm 

−1 is absent below 100 K but appears at 100 K
nd becomes prominent with increasing temperature. 

(ii) Peak at 820 cm 

−1 shows gradual disappearance with increas-
ng temperature and is completely absent at T > 120 K. 

(iii) Peak at 900 cm 

−1 diminishes with increasing temperature and
eak at 910 cm 

−1 becomes more prominent as temperature increases.
oth peaks are visible at 100 and 120 K. 
(iv) Peak at 1000 cm 

−1 disappears with increasing temperature.
bsent at 146 K and abo v e. 
(v) Peak at 1250 cm 

−1 disappears with increasing temperature.
bsent at 146 K and abo v e. 
(vi) Peak at 1290 cm 

−1 absent below 100 K, and gains intensity
ith increasing temperature. 

From the experimentally obtained IR spectra, shown in Figs 2
nd 7 , the highlighted pair of peaks at 1069 and 1059 cm 

−1 show
 temperature-dependent behaviour which is similar to the pair of
eaks labelled as ‘iv’ in Fig. 6 . The lower wavelength peak shows
ecreasing intensity with heating in both scenarios, and the higher
avelength peak shows increasing intensity. The temperature where

he o v ertaking happens is about 120 K in both cases. The effect
s more pronounced in the case of simulation wherein the left-side
eak is completely absent at lower temperatures; whereas in the
NRAS 530, 1027–1034 (2024) 
xperiment, said peak is visible but of lower intensity. With the
imilar behaviour observed between both cases and considering the
70 cm 

−1 shift in the family of peaks as shown in Fig. 8 , it can be
tated that the two observations corroborate with each other. 

By converting C–C and C–O bonds to constraints in the simulation
opology, it is possible to single out peaks are contributions of the
espective vibrations. In Fig. 8 , it is seen that the peaks corresponding
o CH 2 -CH 2 stretching, and CH 2 -O stretching have disappeared from
he constrained simulation, with the only remaining contribution
rom CH 3 rocking. This further supports the claim that the family of
eaks highlighted are the same vibrations, but with a uniform shift
f ∼70 cm 

−1 between the simulated and experimental observations.
At low temperatures, the thermal freedom available to the
olecules in the deposited layer is low, and it increases as the

emperature increases. This thermal freedom allows for the molecules
o reorient themselves within the amorphous layer to achieve better
lose packing. This phenomenon is termed as ‘ice compaction’.
pectrally, this would manifest as the narrowing of peaks. In
ig. 9 , the temperature-dependent trend in the width of the peak
orresponding to the OH stretching vibration is observed. At 10 K,
he peak starts off wide, and on heating, it becomes narrower until
t reaches a minimum at around 120 K. On further heating, the peak
egins to widen again until 175 K. The trend in this spectral feature
s common across both the experimental and simulated spectra. The
arrowing of the peaks is an indication of ice compaction, comparable
o the observations of the breadth of the OH stretching band in the
xperimental data. 

At the molecular scale, the driving factor behind the stability
f a crystalline 1-propanol solid is the hydrogen-bonding network.
ue to the presence of the hydroxyl (-OH) group in 1-propanol,

here is a possibility of one hydrogen bond per molecule. The
umber of hydrogen bonds in the system was calculated for a range
f temperatures and the average number of hydrogen bonds per
olecule was plotted against temperature as shown in Fig. 10 . In the

redicted crystal structure obtained via CSP, the average number of
ydrogen bonds per molecule remains fixed at 1, as the hydrogen
onding network is a driving factor in the stability of the crystal
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Figure 9. The O–H stretching bands in the experimental and simulated 
spectra fitted to a Gaussian profile, and their respective full width at half- 
maximum (FWHM) plotted against temperature. The error bars plotted are 
the standard error, defined as the square root of the corresponding diagonal 
element of the covariance matrix obtained during the fitting process. 

Figure 10. Number of hydrogen bonds per molecule in the simulated system 

for the range of temperatures. The calculation was done across a slice of 
1 nm thickness parallel to the substrate. The average was done o v er 1000 
configurations in the simulated trajectory. The bulk crystal data correspond 
to the predicted CSP structure. The hydrogen bond distance cut-off for 
calculation was 0.35 nm while the H-D-A angle cut-off was 30 ◦. 

s
i  

n
o  

i  

o  

b
a
-  

t  

p
n

Figure 11. For the system of 1-propanol, the hydrogen bonding network is 
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tructure. Ho we ver, for the deposited system, which is amorphous 
n nature, the average number of hydrogen bonds per molecule is
otably less than 1 for all temperatures. This highlights the tendency 
f the ice to not form a crystal as the hydrogen bonding network
s not sufficient to facilitate the crystal structure, similar to what is
bserv ed e xperimentally. In Fig. 11 , we show a visual comparison
etween the hydrogen-bonding network that is possible in the crystal 
rrangement versus the amorphous system. The possibility of every 
OH group participating in a hydrogen bond is al w ays satisfied in
he crystal because of the orientational order; ho we ver, as we can
redict and also observe from the computational results, this is not 
ecessarily the case for the amorphous arrangement. 
 C O N C L U S I O N  

ith the disco v ery of 1-propanol in the ISM, it is necessary to
haracterize the physicochemical behaviour of the molecule at 
uch conditions. Analysing the observational spectra strongly relies 
n laboratory-based data. Hence, in this paper, we presented the 
emperature-dependent IR spectra of 1-propanol ice, deposited at 
0 K and then warmed to 170 K, revealed an amorphous mor-
hology throughout the warming phase until sublimation. Although 
ndications of ice compaction were observed, signatures specific to 
rystallization were absent. Knowing the phase of the molecule 
s especially important to calculate the accurate abundance of the 
olecule in the region of observation. Employing the tools of 

lassical MD, we also conducted simulation studies of a vacuum- 
eposited 1-propanol ice system across the same temperature range 
s the experiment. From the simulations, we extracted various 
esults including spectral and structural properties. The observed 
emperature-dependent trends across these results demonstrate a 
otable level of agreement between experiment and simulation, 
roviding insights into the phase behaviour of the ice at a molecular
cale. Most importantly, the key observation was the presence of 
-propanol on the substrate up to 170 K, despite the known melting
oint of 1-propanol being 147 K. It is worth noting that, to the best
f our knowledge, this marks the first observation, or at least the first
eporting, of a molecule staying on the substrate beyond its melting
MNRAS 530, 1027–1034 (2024) 
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oint under such conditions. Based on the experimental and simula-
ion results, we attribute this behaviour to the low vapour pressure
f the molecule at such low temperatures, which we also confirmed
hrough a series of experiments by maintaining the deposited ice at
sothermal conditions at different temperatures beyond the melting
oint and below the sublimation temperature. Therefore, the reported
esults suggest that the morphology of the interstellar icy mantle
ontaining 1-propanol, along with other molecules (particularly
 ater), w arrants further investigation, as the sublimation temperature
f 1-propanol falls well within the range of crystallization and
ublimation temperatures of several other molecules. Consequently,
ur future work will focus on the 1-propanol and water ice mixture. 
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