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Abstract

This paper reports the first extensive study of the existence and effects of interstellar hydrogen bonding. The reactions that occur on
the surface of the interstellar dust grains are the dominant processes by which interstellar molecules are formed. Water molecules con-
stitute about 70% of the interstellar ice. These water molecules serve as the platform for hydrogen bonding. High level quantum chemical
simulations for the hydrogen bond interaction between 20 interstellar molecules (known and possible) and water are carried out using
different ab-intio methods. It is evident that if the formation of these species is mainly governed by the ice phase reactions, there is a
direct correlation between the binding energies of these complexes and the gas phase abundances of these interstellar molecules. Inter-
stellar hydrogen bonding may cause lower gas abundance of the complex organic molecules (COMs) at the low temperature. From these
results, ketenes whose less stable isomers that are more strongly bonded to the surface of the interstellar dust grains have been observed
are proposed as suitable candidates for astronomical observations.
� 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Gas phase chemical reactions and reactions that occur
on the surfaces of interstellar dust particles are the domi-
nant processes by which molecules can be synthesized from
the precursor species. Of these two processes, reactions that
occur on the surfaces of interstellar dust particles have been
invoked for the formation of molecular hydrogen (Biham
et al., 2001; Chakrabarti et al., 2006); as well as for the syn-
thesis of larger interstellar molecules (Das et al., 2010; Das
and Chakrabarti, 2011; Das et al., 2016). Dust grains and
ice play an indisputable role for the synthesis of interstellar
species. Whereas in the gas phase, reactions relying on
https://doi.org/10.1016/j.asr.2018.03.003
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three-body collisions are very rare, species residing on the
solid surfaces can roam around the surfaces until a reaction
occurs, thus forming new species. These surfaces therefore
serve as reaction sites for chemical processes that would
either being very slow or not occur at all. From spectro-
scopic observations, the composition of the interstellar
ice is dominated by water which accounts for 60–70%
(Das and Chakrabarti, 2011; Das et al., 2016) of the ice
in most lines of sight. Other spectroscopically observed spe-
cies include methanol, carbon monoxide and carbon diox-
ide, as well as smaller abundances of other species (Tielens,
2013; Fraser et al., 2002; Draine, 2003; van Dishoeck, 2004;
Gibb et al., 2000; Gibb et al., 2004; Whittet, 2003). The
composition of the interstellar ice causes most of the mole-
cules formed on the surface of the interstellar dust to form
hydrogen bonding with the components of the ice most
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predominantly, water. This causes a greater part of these
molecules to be attached to the surface of the interstellar
dust grains, thus reducing its interstellar gas phase
abundance.

Weak intermolecular interactions are very vital in the
elucidation of structures and properties of many important
biological molecules like water, DNA, protein etc. Among
these weak intermolecular interactions, hydrogen bonding
is well recognized, studied and understood to a great extent
because of its overwhelming impacts in different systems
and phenomena. It is responsible for the unique properties
of water essential to life; it serves as a vital force in deter-
mining the basic structure of large bio-molecules such as
DNA, RNA, proteins etc (Park and Lee, 2007). The bind-
ing energy of the hydrogen bonded complex gives informa-
tion about the strength of the bonding. This binding energy
can be determined both experimentally and theoretically.
With the advances in quantum chemical calculations, on
a careful choice of method (level of theory) and basis set,
it is now possible to theoretically estimate binding energy
that is in good agreement with the experimentally mea-
sured value.

As useful as the DFT method is, it has a number of
drawbacks (especially for large systems); insufficient
description of van der Waals interaction, inaccurate esti-
mation of polarizabilities of large p-conjugate molecules.
It has also been shown to underestimate the binding energy
of complexes in comparison with the MP2 to MP4(SQD)
methods. This underestimation is said to arise from the
insufficient description of electron correlation effects.
Among the available ab initio methods, the Møller-
Plesset second order method (MP2) has been shown to be
effective and accurate in investigating hydrogen-bonded
systems; the use of the smallest augmented correlation con-
sistent basis set (aug-cc-pVDZ) for hydrogen-bonded com-
plexes is strongly recommended (Park and Lee, 2007; Ikeda
et al., 2007; Møller and Plesset, 1943; Head-Gordon et al.,
1988; Frisch et al., 1990).

The formation of interstellar species essentially depends
on their formation pathways not on the thermodynamic
parameters. However, some correlation between the
observed molecules and thermodynamic parameters really
exists wherever reaction pathway does not appear to influ-
ence. For example, recently, Etim et al. (2016) had shown
that the detectability of the odd numbered carbon chains
could be correlated due to the fact that they are more stable
than the corresponding even numbered carbon chains.
Some more studies by Etim et al. (2017) investigated the
possibility of detecting most suitable isomer in the
C5H9N isomeric group. However, it is not true always.
For example, Sil et al. (2017) investigated the possibility
of detecting certain amines and aldimines, Gorai et al.
(2017) investigated the possibility of detecting some com-
plex thiols in the ISM based on various relevant parame-
ters. They found that most stable species should not be
considered as the most potential candidate always because
interstellar chemistry is far away from the equilibrium. We
also have noticed some deviations from the fact that most
stable isomer is observed among some of the groups con-
sidered; the conspicuous abundance of a less stable isomer
(methyl formate) over the most stable one (acetic acid) and
the non-detection of some of the most stable isomers whose
less stable counterparts have been detected.

In the present study, we discuss that if the formation/
destruction of some species are not influenced by their
gas phase pathways and completely controlled by means
of the grain surface reactions, gas phase abundances of
these species will be strongly influenced by the binding
energies. The binding energy of simple interstellar species
like H2, CO, N2, CO2, CH3OH, CH4, NH3, H2CO, etc.
are well known but for the complex species, it is mostly
unknown. Very recently, Wakelam et al. (2017) extensively
studied the binding energy of simple as well as some com-
plex interstellar species by using quantum chemical calcula-
tions. They considered a single water monomer as an
adsorbent. Initially, they calculated the binding energy of
16 stable species and calibrated their values with the exper-
imentally available BE. We have extracted their fitted val-
ues and found that if we use following relation then there
values for the 16 stable species can be explained.

Scaled BE ¼ A0þA1� Calculated BE;

where A0 = 289.019 and A1 = 1.65174. From KIDA data-
base it can be seen that uncertainties of their estimated val-
ues are mentioned to be �30% even after using the scaling
factor. So, we think that after appropriate scaling our pro-
posed BE values of the complex species would certainly help
the community to build astrochemical model with an edu-
cated estimation rather than considering a blind guess.

We aim to account for these variations and try to corre-
late the difficulty in the astronomical observation of sugars
and want to propose suitable candidates for astronomical
observation within the range of our molecules under con-
sideration. For the present study, 20 interstellar molecules
(known and possible) which are suitable in achieving the
aims of the present study stated above are considered.
The strength of their hydrogen bonded complexes with
water is investigated by estimating their binding energies
at different levels of theory and basis sets. After describing
the computational methods used here, the results obtained
are presented and discussed.

2. Computational details

All the calculations reported in this work are performed
using the Gaussian 09 suite of programs (Frisch et al.,
2009). The geometry optimization of all the monomers,
water and the corresponding hydrogen bonded complexes
have been carried out using the Møller-Plesset second order
perturbation theory; MP2(full) with the 6-311++G(d,p)
and aug-cc-pVDZ basis sets, the G4 composite method
and the Weizmann theory (W1U) (Møller and Plesset,
1943; Martin and de Oliveira, 1999; Parthiban and
Martin, 2001; Curtiss et al., 1998; Curtiss et al., 2007a,b).
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The Gaussian G4 theory and the Weizmann theory are
compound models that offer high accurate predictions at
less computational cost. Diffuse functions in the basis sets
allow the orbitals to occupy a larger region of space while
the polarization functions give additional flexibility to the
description of molecular orbitals (Chandrasekhar et al.,
1981; Hariharan and Pople 1973). Harmonic vibrational
frequencies were performed on all the systems (monomers,
water molecule and complexes) to characterize their sta-
tionary nature with equilibrium structures having no imag-
inary frequency. The binding energy between water
molecule and each interstellar molecule (known and possi-
ble) considered here is calculated as the energy of the com-
plex minus the energies of the isolated monomers. It is
defined by the following expression:

DEðbinding energyÞ ¼EðcomplexÞ � EðwatermoleculeÞ þEðinterstellarmoleculeÞ
� �

:

The reported binding energies have been corrected for
the basis set superposition error (BSSE) using the counter-
poise method developed by Boys and Bernardi (Boys and
Bernardi, 1970).
Fig. 1. Optimized structures of the hydrogen bonded C

Table 1
Optimized geometry (Å, deg) parameters of the water monomer.

Parameters Method

MP2(full)6–311++G** MP2(full)/aug-c

H2AO1 0.959 0.966
H3AO1 0.959 0.966
H3AO1AH2 103.5 103.9

a 23.
b 24.
c 25.
3. Result and discussion

Binding energies for 20 hydrogen bonded complexes
with water have been estimated at different levels of theory
and basis sets. The full geometry parameters for water and
all the complexes studied in this work are reported in the
supporting information. Based on Wakelam et al. (2017),
here, we scaled down our calculated values by the same fac-
tor to propose the binding energy values of the complex
species considered in this study. We just extracted the data
of Fig. 1 of Wakelam 2017 paper to find out the fitting
coefficients using the fitting formula Y = A0 + A1 * X
and we get the value of coefficients, A0 = 289.019 and
A1 = 1.65174. The results presented here are from the most
stable structures of all the systems considered. After a brief
description of the geometry parameters for water which is
the central molecule for this study, the discussion will be
presented in the subsections in accordance with the aims
of this work.

The theoretically calculated geometry parameters of the
water monomer at the different levels of theory and basis
sets are listed in Table 1. The corresponding experimental
2H4O2 and C2H6O isomer complexes with water.

c-Pvdz G4 W1U Exptl

0.962 0.961 0.959a

0.962 0.961 0.959a

103.7 104.5 103.9a (104.5b,c)



Table 3
Binding energies for C2H6O isomer complexes with water.

Method BE (Kelvin)

Ethanol-H2O Dimethyl ether-H2O

MP2(full)/6–311++G** 2566 (4527) 2500 (4418)
MP2(full)/aug-cc-pVDZ 2768 (4861) 2717 (4776)
G4 2415 (4278) 2265 (4030)
W1U 2617 (4612) 2566 (4527)

(Binding energy available from
other studies or estimated)a

6260a 3675a

a Garrod, 2013, Bracketed values are scaled as (289.019 + (1.65174 �
Calculated BE)).
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values from literature are included in the table (as exptl).
The OH bond length predicted by the MP(full)/6-311+
+G(d,p) is exactly as the experimentally measured value.
The OH bond length estimated by other methods employed
here are in good agreement with the experimental value.
The reported values of 103.9� and 104.5� (Cook et al.,
1974; Benedict et al., 1956) for the bond angle are exactly
the same as estimated by the MP2(full)/aug-cc-pVDZ and
W1U methods respectively. In reality, there must be a
water cluster instead of a single water molecule. But to save
computational time, here, we are considering a monomer
as a representative of the interstellar ice feature. This con-
sideration might propagate some error for our calculated
values. But as we are considering some isomeric groups,
a well trend of binding energies shall be obtained.

3.1. Thermodynamics not the key

The high abundance of methyl formate in different
molecular cloud has earned it the name ‘interstellar weed’.
In the C2H4O2 isomeric group, acetic acid is unarguably
the most stable isomer while methyl formate ranks second
with an energy difference of more than 15 kcal/mol from
both the theoretically predicted and the experimentally
measured enthalpy of formation value (Etim and
Arunan, 2016, 2017a,b and reference therein). The third
most stable isomer on that list is glycolaldehyde. These
three isomers have all been detected from different astro-
nomical sources via their rotational transition spectra
(Mehringer et al., 1997; Churchwell and Winnewisser,
1975; Hollis et al., 2000). Methyl formate (which is not
the most stable isomer of the group) is found to be conspic-
uously more abundant than both acetic acid and glyco-
laldehyde in all the molecular clouds where they have
been detected. The two known stable isomers of the
C2H6O isomeric group; ethanol and dimethyl ether were
first detected in the Sagittarius B2 complex and Orion neb-
ula respectively in the 1970s (Zuckerman et al., 1975;
Pearson et al., 1997; Snyder et al., 1974). Ethanol is found
to be more stable than dimethyl ether with an energy differ-
ence of about 12 kcal/mol from the experimentally
reported enthalpy of formation. As such, ethanol should
be more abundant than dimethyl ether in the interstellar
space. However, the abundance ratio of ethanol and
dimethyl ether ranges from 0.3 to 3.0 (Nummelin et al.,
Table 2
Binding energies for C2H4O2 isomer complexes with water.

Method BE (Ke

Acetic

MP2(full)/6-311++G** 3472 (6
MP2(full)/aug-cc-pVDZ 4781 (8
G4 4831 (8
W1U 4680 (8

(Binding energy available from other studies or estimated)a 6300a

a Garrod, 2013, Bracketed values are scaled as (289.019 + (1.65174 � Calcul
1998, Ikeda et al., 2001, White et al., 2003) with ethanol
being more abundant than dimethyl ether in some astro-
nomical observations and the reverse being the case from
some other astronomical observations.

Tables 2 and 3 respectively present the binding energies
of the hydrogen bonded complexes of the C2H4O2 and
C2H6O isomers with water at different levels of theory
and basis sets considered in this study. Fig. 1 shows the
optimized geometries of these complexes at the MP2(-
full)/6–311++G(d,p) level of theory. In all the cases, there
is an elongation of one of the OAH bonds of water mono-
mer which takes part in the hydrogen bond formation from
the original 0.959 Å for the water monomer to 0.968, 0.965,
0.970, 0.968, and 0.969 Å for acetic acid, glycolaldehyde,
methyl formate, ethanol and dimethyl ether-water com-
plexes respectively at the MP2(full)/6-311++G(d,p) level
showing the evidence of hydrogen bond formation in all
the systems considered.

Since the binding energies are the keys for controlling
the composition of the interstellar grain mantle, it is essen-
tial to estimate them in appropriate order to avoid any mis-
leading conclusion. From the binding energies in Table 2,
acetic acid–water complex is more strongly bonded fol-
lowed by glycolaldehyde-water complex while methyl
formate-water complex is the least bonded complex. There
is an inverse correlation between the binding strength of
the complex and the interstellar gas phase abundance of
the molecule that is forming the hydrogen bond with water.
Methyl formate is more abundant than both acetic acid
and glycolaldehyde; glycolaldehyde in turn is more abun-
lvin)

acid-H2O Glycolaldehyde-H2O Methyl formate-H2O

024) 2768 (4861) 1635 (2989)
186) 2969 (5193) 2768 (4861)
268) 2667 (4694) 2164 (3863)
019) 2818 (4944) 2415 (4278)

6680a 5200a

ated BE)).
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dant than acetic acid in the different molecular clouds
where they have been detected (Mehringer et al., 1997;
Remijan et al., 2002; Remijan et al., 2003; Hollis et al.,
2001; Hollis et al., 2004a,b; Cazaux et al., 2003). Thus,
the higher the binding strength of a complex with water,
the lower the interstellar abundance of the molecule as
compared to its counterparts with lower binding strength.
This is because the more strongly the molecule is bonded
to the surface of the interstellar dust grains; the more a
greater part of it is being attached to the surface of the
interstellar dust grains thereby reducing its abundance. In
contrary to our calculated values, other estimation
remains. For example, Garrod (2013) estimated that
among this isomeric group, glycolaldehyde is bonded more
strongly than methyl formate.

Ethanol is more strongly bonded to the surface of the
interstellar dust grains as evident in binding energy of the
ethanol–water complex as compared to the dimethyl
ether-water complex (Table 3). Garrod (2013) also used
higher binding energy of ethanol compare to dimethyl
ether. From the above analogy, dimethyl ether should be
more abundant than ethanol and this has been observed
in a few cases. The high abundance of ethanol over
dimethyl ether in many cases points to gas phase reactions
as the dominant formation processes in such cases where
the effect of hydrogen bonding is drastically reduced, thus
the abundance of ethanol is not affected as in the case of
interstellar dust grains formation process.

3.2. Delayed observation of the most stable isomers

In many of the known interstellar isomeric species, the
most stable isomer which is probably the most abundant
isomer in the interstellar medium has not always been the
first isomer to be detected. Though HCN was detected
before HNC, MgNC before MgCN, HNCS before HSCN,
HC3N before HC2NC and HNC3, methyl cyanide before
methyl isocyanide and ketenimine, acetaldehyde before
vinyl alcohol and ethylene oxide, this trend goes on and
on (Zuckerman et al., 1972, Ziurys et al., 1995;
Kawaguchi et al., 1993; Halfen et al., 2009; Frerking
et al., 1979; Fourikis et al., 1974; Gilmore et al., 1976;
Turner and Apponi, 2001; Dickens et al., 1997; Etim and
Arunan, 2016). But this is not true as interstellar chemistry
is far away from the thermodynamic equilibrium. For
Table 4
Binding energies for C3H6O2 isomer complexes with water.

Method BE (Ke

Propano

MP2(full)/6-311++G** 4227 (72
MP2(full)/aug-cc-pVDZ 4781 (81
G4 4781 (81
W1U 4177 (71

(Binding energy available from other studies or estimated)a 9060a

a Garrod, 2013, Bracketed values are scaled as (289.019 + (1.65174 � Calcu
instance, Loison et al., 2016 studied C3H2O isomeric group
and found that though propadienone is the most stable
species, only cyclopropenone and propynal have been
detected in the ISM.

Propanoic acid (C3H6O2 isomeric species) and propan-
2-ol and propanol(C3H8O isomeric species) are the most
stable isomers in their respective isomeric groups. Whereas
other less stable isomers have been observed in these
groups but none of these most stable isomers have been
observed. The binding energies of the hydrogen bonded
complexes with water formed by these isomers (most stable
and the astronomically observed) are shown in Tables 4
(C3H6O2 isomers) and 5 (C3H8O isomers). Ethyl formate
and methyl acetate from the C3H6O2 isomeric group have
been detected in the interstellar space (Belloche et al.,
2009; Tercero et al., 2013). While ethyl methyl ether is
the only astronomically observed isomer of the C3H8O
group (Fuchs et al., 2005). Fig. 2 shows the optimized
geometries of the C3H6O2 and C3H8O isomeric species con-
sidered here.

At the MP2(full)/6-311++G (d,p) level, the OAH bond
distance of the water monomer that is forming complex
with the interstellar molecule is extended from the normal
bond length (0.959 Å) into the range of 0.965–0.969 Å for
the hydrogen bonded complexes shown in Fig. 2.

Propanoic acid is the most stable isomer of the C3H6O2

isomeric group followed by ethyl formate while methyl
acetate comes third in the energy scale. From the binding
energies presented in Table 4, propanoic-water complex is
more strongly bonded to the surface of the interstellar dust
grains as compared to the ethyl formate-water and methyl
acetate-water complexes. Garrod (2013) also considered
the similar trends between the binding energies of these
three species. This clearly shows that a greater portion of
propanoic acid is attached to the surface of the interstellar
dust grains via hydrogen bonding thereby reducing its
available interstellar gas phase abundance thus the delay
in its astronomical detection. In the C3H8O isomeric group,
propan-2-ol is the most stable, followed by propanol while
ethyl methyl ether is the least stable isomer of the group1.
As it is evident in Table 5, the isomers that have not been
observed are more strongly bonded to the surface of the
interstellar dust grains than the only observed isomer of
the group. This accounts for the delay in the astronomical
observations of these isomers as their abundances are
lvin)

ic acid-H2O Methyl acetate-H2O Ethyl formate-H2O

71) 2415 (4277) 2265 (4030)
86) 2500 (4418) 2500 (4418)
86) 2365 (4195) 2164 (3863)
88) 2466 (4362) 2466 (4362)

4830a 6250a

lated BE)).



Fig. 2. Optimized structures of the hydrogen bonded C3H6O2 and C3H8O isomer complexes with water.

Table 5
Binding energies for C3H8O isomer complexes with water.

Method BE (Kelvin)

Propan-2-ol-H2O Propanol-H2O Ethyl methyl ether-H2O

MP2(full)/6–311++G** 2717 (4777) 2617 (4612) 2516 (4445)
MP2(full)/aug-cc-pVDZ 2969 (5193) 2868 (5026) 2717 (4776)
G4 2516 (4444) 2415 (4278) 2365 (4195)
W1U 2768 (4696) 2667 (4694) 2617 (4612)

(Binding energy available from other studies or estimated)a 4260b 7190d 5495a

Bracketed values are scaled as (289.019 + (1.65174 � Calculated BE)).
a Taquet et al. (2016).
b Binding energy estimated by adding the binding energies of two 2CH3 and CHOH.
d Binding energy estimated by adding the binding energies of C2H5 and CH2OH.
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reduced due to this interstellar hydrogen bonding as dis-
cussed in the previous cases. Estimated binding energies
of C3H8O isomeric group are also presented in Table 5.
Taquet et al. (2016) estimated the binding energy of ethyl
methyl ether to be 5495 K. Binding energy of the propan-
2-ol is estimated by adding the binding energies of two
CH3 molecules along with CHOH. Binding energy of pro-
panol is estimated by summing up the binding energies of
C2H5 and CH2OH. Binding energies of these radicals are
mainly considered from Garrod (2013). If these binding
energies are not listed in Garrod (2013), we consider it from
Hasegawa et al. (1992). Thus from the estimated list of
binding energies of this isomeric species, propanol is found
to be possess the strongest barrier.
3.3. Unsuccessful observations: Amino acids

Amino acids are water-soluble organic molecules con-
taining both the amine (ANH2) and the carboxyl
(ACOOH) groups. Interestingly, from the functional
groups alone, the amino acids contain the four most impor-
tant biogenic elements; carbon, hydrogen, oxygen and
nitrogen. The class of amino acids in which both the func-
tional groups are attached to the same carbon atom called
the a-carbon atom, are of utmost biological importance
being the building blocks of proteins. As a result of this,
the search for amino acid in the interstellar medium has
been the subject of interest. In particular, glycine; the sim-
plest member of the a-amino acids has attracted the atten-
tion of researchers globally. All the searches for glycine in
the interstellar medium have not yielded any successful
detection of this molecule (Kuan et al., 2003; Snyder
et al., 2005; Jones et al., 2007; Cunningham et al., 2007).
Though there has not been any successful detection of
the amino acid in the interstellar medium, about 80 of them
have been identified in meteorites found on Earth and the
origin of these compounds fond in meteorites are often
traced to the interstellar medium; thus linking the interstel-
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lar medium and the chemical composition of the meteorites
(Elsila et al., 2007; Botta and Bada, 2002).

Glycine belongs to the C2H5NO2 isomeric group. The
three most stable isomers of this group are methyl car-
bamic acid, glycine and methyl carbamate respectively.
Fig. 3 shows the optimized structures of these isomers com-
plexes with water while Table 6 gives the binding energies
of these complexes. The elongation of the OAH bond
length of water is also observed as in the previous cases.
From Table 6, the most stable isomer of the C2H5NO2

group; methyl carbamic acid is found to be more strongly
bonded to the surface of the interstellar dust grains fol-
lowed by glycine (the second most stable isomer of the
group) and lastly by methyl carbamate. Though methyl
carbamic acid has not been searched for possibly because
of the lack of its rotational transitions the other two iso-
mers have been searched for in different astronomical
sources. Whereas there has been no successful detection
of glycine, but methyl carbamate has been tentatively
observed in the molecular cloud (Demyk et al., 2004).
The high bonding strength of glycine to the surface of
the interstellar dust grains can easily been seen as having
a direct effect on its abundance (reduction in abundance)
thus contributing to it unsuccessful astronomical observa-
tions. Estimated binding energy values are also shown in
Table 6. These energy values are not in line with our calcu-
lated values. Garrod (2013) estimated very high binding
energy of glycine (10,100 K). From the existing values,
we estimate the binding energies of methyl carbamic acid
Fig. 3. Optimized structures of the hydrogen

Table 6
Binding energies for C2H5NO2 isomer complexes with water.

Method BE (Kelv

Methyl c

MP2(full)/6–311++G** 4177 (718
MP2(full)/aug-cc-pVDZ 4730 (810
G4 4277 (735
W1U 4630 (793

(Binding energy available from other studies or estimated)a 6680b

Bracketed values are scaled as (289.019 + (1.65174 � Calculated BE)).
a Garrod (2013).
b Binding energy estimated by adding the binding energies of CH3NH + CO
d Binding energy estimated by adding the binding energies of CH3 + CO2 +
by considering the addition of CH3NH and COOH and
binding energy of Methyl carbamate by the addition of
CH3, CO2 and NH2.
3.4. Potential candidate for astronomical observation:

Ketenes

As discussed under the delayed observation of the most
stable isomers; the most stable isomer is mostly observed
before the other less stable isomers. The ketenes (ketene,
methylene ketene and methyl ketene) are found to be the
most stable isomers in their respective isomeric groups
(Etimand arunan 2016), in eachof these groups the other less
stable isomers have been detected whereas ketene has only
been detected in only one group (C2H2O isomeric group).
Abundances of the most stable isomer may be affected by
interstellar hydrogen bonding thereby reducing its abun-
dance, thus making its astronomical observation difficult.
In testing the effect of interstellar hydrogen bonding among
the ketenes, we subject ketenes and the observed isomer in
each group to form hydrogen bonded complex with water.

Fig. 4 shows the optimized structures of the C2H2O,
C3H2O and C3H4O complexes with water considered in
this study. Tables 7–9 contain the binding energies of the
C3H4O, C3H2O and C2H2O complexes with water respec-
tively. The formation of hydrogen bond between the water
monomer and the interstellar molecule is observed in all the
cases via the elongation of one of the OAH bonds of water
monomer which takes part in the hydrogen bond forma-
bonded C2H5NO2 complexes with water.

in)

arbamic acid-H2O Glycine-H2O Methyl carbamate-H2O

8) 2415 (4277) 1560 (2865)
1) 2566 (4527) 1711 (3115)
3) 2566 (4527) 1560 (2865)
6) 2617 (4611) 1661 (3032)

10100a 7710d

OH.
NH2.
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tion from the original 0.959 Å for the water monomer to
0.966, 0.961, 0.965, 0.961, 0.960 and 0.961 Å for propenal,
methyl ketene, propynal, methylene ketene, ethynol and
ketene-water complexes respectively at the MP2(full)/6-
311++G(d,p) level. In ketene-water complex where the
water molecule acts as hydrogen bond acceptor rather than
donor as in the previous cases, there is an elongation of
both the OAH bonds of the water monomer. This is pic-
tured in Fig. 4.

From the binding energies of C2H2O, C3H2O and
C3H4O complexes with water presented in Tables 7–9
respectively, it is crystal clear that the ketenes are less
strongly bonded to the surface of the interstellar dust
grains as compared to their respective isomers that have
Fig. 4. Optimized structures of the hydrogen bonded C

Table 7
Binding energies for propenal and methyl ketene-water complexes.

Method

MP2(full)/6-311++G**

MP2(full)/aug-cc-pVDZ
G4
W1U

(Binding energy available from other studies or estimated)a

Bracketed values are scaled as (289.019 + (1.65174 � Calculated BE)).
b Considered same as methanol.
d Binding energy estimated by adding the binding energies of C2H4 and CO
been astronomically observed (Irvine et al., 1988; Turner,
1977). Estimated values, which are also pointed out in
Tables 7–9 depicts the similar trend. That ketenes are ther-
modynamically the most stable isomers in their respective
isomeric groups, they are not affected by interstellar hydro-
gen bonding as compared to their isomers that have been
detected and that a ketene molecule been astronomically
detected in the interstellar medium, we therefore propose
other ketene molecules as potential candidates for astro-
nomical observations especially methyl and methylene
ketenes considered in this study.

It is worth mentioning here that a ketenyl radical;
HCCO has recently been detected in ISM in line with our
prediction (Agúndez et al., 2015).
3H4O, C3H2O and C2H2O complexes with water.

BE (Kelvin)

Propenal-H2O Methyl ketene-H2O

2315 (4112) 1057 (2034)
2617 (4612) 1409 (2616)
2204 (3929) 1208 (2284)
2516 (4444) 1308 (2449)

5530b (as like methanol) 3160d (C2H4 + CO)

.



Table 8
Binding energies for propynal and methylene ketene-water complexes.

Method BE (Kelvin)

Propynal-H2O Methylene ketene-H2O

MP2(full)/6–311++G** 2114 (3780) 1308 (2449)
MP2(full)/aug-cc-pVDZ 2415 (4278) 1500 (2766)
G4 2063 (3696) 1006 (1950)
W1U 2566 (4527) 1107 (2117)
(Binding energy available from other studies or estimated)a 3060b (C2H + H2CO-H) 2966b (CH2 + C2O)

Bracketed values are scaled as (289.019 + (1.65174 � Calculated BE)).
dBinding energy estimated by adding the binding energies of CH2 and C2O.
b Binding energy estimated by adding the binding energies of C2H and H2CO and deducting binding energy of H.

Table 9
Binding energies for ethynol and ketene-water complexes.

Method BE (Kelvin)

Ethynol-H2O Ketene-H2O

MP2(full)/6-311++G** 3849 (6646) 905 (1783)
MP2(full)/aug-cc-pVDZ 4232 (7279) 1006 (1950)
G4 4428 (7602) 956 (1868)
W1U 4378 (7520) 1107 (2117)
(Binding energy available from other studies or estimated)a 2414d 2200

Bracketed values are scaled as (289.019 + (1.65174 � Calculated BE)).
d Binding energy estimated by adding the binding energies of CH and HOC.
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3.5. Detecting weakly bound complexes in the ISM?

From the foregoing discussions, the existence of weakly
bound complexes in the interstellar medium is well estab-
lished. But these weakly bound complexes that are formed
in ISM, are they detectable? The interstellar molecular spe-
cies are observed in the gas phase (both the ones that are
formed on the surface of the interstellar dust grains and
those that are gas phase products). During the warm-up
phase associated with formation of stars, the molecular
species that are formed on the surface of the interstellar
Fig. 5. Schematic picture of the effect of interstellar hydrogen bonding.
dust grains will be desorbed. The desorbed species will
enter the gas phase where they are normally detected; co-
desorption of these molecules and water in the form of
weakly bound complexes or clusters could be highly possi-
ble. Also, the conditions in the terrestrial laboratories
where weakly bound complexes are observed are similar
to the conditions in ISM. In addition, the high binding
energies of the complexes as shown in Tables 2–9 imply
that these complexes are detectable in ISM. Thus, it suffices
to say that weakly bound complexes are present and detect-
able in the interstellar medium.

Fig. 5 paints a picture of the effect of interstellar hydro-
gen bonding. It shows how the interstellar molecules are
getting bonded to the water molecule on the surface on
the interstellar dust grains, thus causing a greater part of
these interstellar molecules to be attached to the surface
of the interstellar dust grains. This leads in the low abun-
dances observed for these molecules and may be the reason
for unsuccessful observations of others at low temperature.

The use of different high level quantum ab initio meth-
ods in computing the binding energies of these complexes
test the reliability and consistency of the results in all the
cases considered.

4. Conclusion

The present study reports the extensive study of the exis-
tence and effects of interstellar hydrogen bonding. The
binding energies of the hydrogen bonded complexes of
interstellar molecules with water monomer obtained from
high level quantum chemical simulations show a direct
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relationship between the binding energies of some species
(whose formation is mainly controlled by the ice phase
reactions) and the interstellar abundances of the molecules.
From the relationship, the higher the binding energy of the
interstellar molecule bonded with water, the lower its inter-
stellar abundance as compared to its counterparts with
lower binding energies. This is because the stronger the
molecule is being bonded to the surface of the interstellar
dust grains; the more a greater portion of it is being
attached to the surface of the interstellar dust grains,
thereby reducing its gas phase abundance. Available inter-
stellar observations data confirms this. Interstellar hydro-
gen bonding accounts for the deviations from
thermodynamically controlled processes, the delay in
detecting the most stable isomers whose less stable counter-
parts have been detected, the difficulty in observing amino
acids (e.g. glycine). From this and our previous studies, we
propose methyl and methylene ketenes as potential candi-
dates for astronomical observations. The acids are more
strongly bonded to the surface of the interstellar dust
grains than their corresponding isomers in all the cases
observed here. Could this point to the detectability of
acid–water complexes in the interstellar medium soon?
Apart from water and other major components of the
interstellar ice, the formation of hydrogen bonded com-
plexes between these components and other molecules sug-
gests the presence of other minor components in the
interstellar ice like acetic acid and other strongly hydrogen
bonded molecules. This is worth investigating.
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