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Vetting molecular candidates posited for the first
diffuse interstellar bands (5780 and 5797 Å): a
quantum chemical study†

Halis Seuret,ab Ailish D. Sullivan,b Cercis Morera-Boado,*g Tina A. Harriott, *bc

Daniel Majaess, *bc Lou Massad and Chérif F. Matta *bef

Diffuse interstellar bands (DIBs) comprise over 550 celestial absorption features whose molecular

carriers remain largely unidentified or contested. In this study, we present a statistical analysis that

identifies two previously overlooked families of strongly correlated lines associated with the original

Heger features at 5780 and 5797 Å. Comprehensive UV-vis spectra were computed at several levels of

theory (mainly TD-PBE0 and EOM-CCSD with an aug-cc-pVTZ basis set) for the following candidates

posited as diffuse interstellar band carriers (in both their neutral and cationic forms): 2-cyclopenten-1-

one, 3(2H)-thiophenone, 2(5H)-furanone, 3(2H)-selenophenone, 3-hydroxypropanamide, oxamic acid,

lactamide, and glycolamide. Glycolamide is of particular interest since it has recently been detected in

microwave (rotational) spectra of the comparatively dense molecular cloud G+0.693–0027. Importantly,

the computations reveal that the anions exhibit marginal electron affinities despite producing improbable

lines (i.e., with excitations to levels above the ionization threshold) overlapping DIBs, whereas the neutral

molecules yield lines shortward of DIBs and possibly linked to the broad 220 nm interstellar feature, and

their cations produced too few lines in the DIB domain inspected. Further vetting of candidates awaits

the construction of an expansive optical-infrared molecular ion database, which will facilitate concurrent

matching to DIBs in the optical (electronic) and their energy differences in the mid-infrared (vibrational),

thereby narrowing the parameter space.

Introduction

Quantum chemistry plays an increasingly central role in astro-
nomical research, particularly in the quest to identify the
carriers of the diffuse interstellar bands (DIBs). As Fortenberry
emphasized, theoretical calculations often provide the only

viable means of predicting the spectra of elusive or unstable
molecular species that are inaccessible to direct laboratory
study. Without accurate computed spectra, attempts to match
observational data to molecular carriers would remain largely
speculative.1,2 The identification of DIB carriers—a problem
persisting for over a century—thus hinges critically on high-
level quantum chemical methods capable of reliably predicting
electronic and vibrational transitions under astrophysical con-
ditions. As Sousa-Silva et al. have noted, obtaining experimental
spectra of candidate interstellar molecules presents significant
challenges.3 Many relevant species are transient, reactive, or
exist predominantly in ionic forms, complicating their isola-
tion. Laboratory techniques such as matrix isolation spectro-
scopy, pioneered by Y. P. Lee and collaborators,4,5 have been
employed to stabilize such molecules, but the interaction with
the matrix environment can induce spectral shifts that obscure
gas-phase signatures. Consequently, robust theoretical predic-
tions remain indispensable. In light of these challenges, the
present study seeks to vet molecular candidates for the 5780 Å
and 5797 Å diffuse interstellar bands—the first DIBs discovered
by Heger6,7—through a combination of statistical correlation
analyses and quantum chemical computations.
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Diffuse interstellar bands are absorption features observed
in spectra of diverse celestial targets. When observed in binary
star spectra these lines do not undergo the expected periodic
Doppler shifts due to the stars’ motion, and thus these features
arise in the intervening interstellar medium.6–13 These absorp-
tions are molecular in origin, since they are generally broader
than atomic lines. The broadening of molecular lines in DIBs
spectra arises from several factors including (but not necessa-
rily limited to) overlapping rotational transitions (especially for
large molecules with dense rotational energy levels), thermal
Doppler broadening due to random molecular motions, turbu-
lence (non-thermal) Doppler broadening due to the collective
currents of large masses within a given cloud in different
directions, the short lifetimes of the excited states, the presence
of molecules with different isotopic compositions (isotopolo-
gues), and many more effects. These factors contribute signifi-
cantly in making the identification of DIB carriers difficult.9–13

A century ago, Mary Lea Heger identified the first DIBs at
5780 and 5797 Å.6,7,14 Since this seminal discovery more than
550 DIBs have been identified.15 There is yet to exist an
undisputed molecular carrier for any DIB, though a consensus
is continuing to coalesce around the connection between C60

+

and two DIBs (9577 and 9632 Å).16–19

Identifying groups of correlated DIBs is a crucial first step in
detecting a molecular carrier.20–25 The ‘‘correlation’’ referred-to
here is that between the ratios of the equivalent widths (defined
below) of pairs of DIBs within a group (also known as ‘‘family’’)
regardless of the observational sightline. In other words, while
the individual equivalent widths of a set of ‘‘correlated lines’’
may vary from one sightline to the next, the pairwise ratios of
these equivalent widths are constant – within a high statistical
confidence – irrespective of the dust cloud being observed.
Diverse groups of interrelated lines (e.g., via Pearson correla-
tions), and the sheer number of DIBs, imply there are numer-
ous molecules responsible for these lines.

The purpose of this effort is to identify families of correlated
lines, and propose a procedure to identify possible candidate
carriers. The following procedure was adopted, and could be
pertinent for similar endeavors:

1. Identification of correlated DIBs based on equivalent
widths. The equivalent width (EW) of a DIB is the area of the
absorption feature in a normalized spectrum. It is related to the
‘‘extinction’’ or strength (loosely speaking, the ‘‘intensity’’) of
the absorption line.

2. Bolstering the existence of these families by determining
the correlations between the EWs of DIBs and interstellar
reddening. Optical reddening arises from blue light being
preferentially scattered when traversing dust clouds.

3. Using energy differences between correlated DIBs (a
family) as a probe of the vibrational level spacings of the source
((non-)linear vibronic progression).

4. Using a molecular database to examine functional groups
exhibiting infrared vibrations that agree with those implied by
the wavelength differences between DIBs within a family.

5. Completing quantum chemistry computations of
neutral molecules identified from comparisons to molecular

databases, to assess if there are lines which directly overlap
with observed DIBs. Evaluating their ion counterparts.

6. Benchmarking of the quantum chemical levels of theory,
and assess their accuracy, precision, and systematic offsets.

Two families of DIBs, identified in steps (1) and (2), are of
particular interest. These are the separate families tied to the
first DIBs discovered by Mary Lea Heger at 5780 and 5797 Å.
The identified 5780 Å family consists of 11 lines: 5236.27,
5487.64, 5609.82, 5705.12, 5779.59, 6195.99, 6203.58, 6269.89,
6284.05, 6993.12, and 7224.16 Å. DIBs associated with the
5797 Å family are 8 lines at: 5494.10, 5545.08, 5797.18,
5849.82, 6108.06, 6113.22, 6439.51, and 6449.27 Å.26 (Fig. 1).

Methodology

Families of correlated DIBs were identified using data from the
Apache Point Observatory (APO) catalog of DIBs.15 The catalog
samples DIBs in the wavelength domain between 4000 and
9000 Å, and provides data for 557 DIBs from 25 different
sightlines. Smith et al.25 found the EW–EW Pearson correlation
coefficients for 154 846 DIB pairs. An analysis of the results led
to the identification of a number of families of strongly
correlated DIBs. Each of these families of DIBs might arise
from a single molecular carrier.25

Common correlations within a family should emerge rela-
tive to the EWs and reddening.27–31 For example, Merrill and

Fig. 1 A display of the optical and near infrared (NIR) DIBs, showing all
lines with equal emphasis (top); those DIBs belonging to the presumed
5780 Å family (middle) with lines of the family emphasized in red. The rest
are in faint gray, and those belonging to the 5797 Å family (bottom) are
similarly emphasized in red. (The number of lines associated with the 5780
Å family is 11 (middle), but the image appears to have only 9 and this is
because the pairs [(6196, 6204) and (6270, 6284)] are overlapping at the
scale of the figure. The same is true for the 5797 Å family (bottom) which
should have 8 lines but appears to have only 6 due to the closeness of the
pairs (6108, 6113), and (6440, 6449).
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Wilson29 demonstrate that the EWs of the DIB 6283 Å
showed an increasing linear dependence on reddening. Optical
reddenings for the stars in the APO catalog were adopted,15

and a comparatively common correlation was found between
optical reddening and the EWs of the lines in each proposed
family.32 This increases confidence in those two families
tied to the Heger lines (5780 and 5797 Å), prompting further
analysis.

The energy difference between highly correlated DIBs have
been used to probe vibrational transition quanta.21 That
approach is adopted here to search for possible molecular
sources behind the DIB families. Energy differences between
DIBs within each family were compared with (approximate) IR
molecular spectra. Accurate spectra are only known for a small
percentage of molecules.11,13,33 To circumvent this limitation,
approximate molecular spectra will be used in this work. The
Rapid Approximate Spectral Calculations for ALL (RASCALL
1.0)3 database contains approximate IR spectra of more
than 16 000 neutral molecules. To create this database Sousa-
Silva et al.3 analysed 120 functional groups associated with 19
different bond types, and found the properties for
their spectrally-active rovibrational modes. The spectrum of
each molecule was then estimated by considering the contribu-
tions of these functional groups to the overall molecular
spectrum.

The energy offsets between DIBs within a given family were
converted to the corresponding wavelengths (mm), denoted as
loffset. These wavelengths were then compared to those featured
in RASCALL (lRASCALL). Molecules that featured lines matching
at least three predicted vibrational energies to within a thresh-
old of |loffset � lRASCALL| = 0.013 mm were saved. The selected
molecules suggest certain functional groups that the bona fide
family may contain, rather than identifying the broader specific
carrier for that family. The veracity of the results was then
tested using Monte Carlo simulations.

The Monte Carlo simulations were performed using an in-
house Python code whereby 10 000 independent random
families of DIBs within the range of 4000–9000 Å (where DIBs
are primarily observed) were generated, each family containing
one of the two Heger lines. This was done separately for each of
the real families tied to the lines 5780 Å and 5797 Å. The
random families contained the same number of lines as in the
real family associated with each of the lines 5780 Å and 5797 Å.
That is, the random families created for 5780 Å had 11 lines,
and that for 5797 Å had 8 lines. These 10 000 random families
were analyzed using the same methods as the families
associated with 5780 Å and 5797 Å and compared to molecules
within the RASCALL 1.0 database using the same threshold
|loffset � lRASCALL| = 0.013 mm. The emergence of the candidate
molecules associated with 5780 Å and 5797 Å from these
random families were monitored. It is found that the candidate
molecules are observed in less than 10% of the results for
random families, suggesting that the results for the real
families of DIBs are not coincidental.

The candidate neutral molecules were subsequently sub-
jected to quantum chemical calculations to obtain their

optimized molecular geometries, along with their UV-vis spec-
tra at different levels of theory.

All calculations were conducted using the Gaussian16 suite
of programs.34 The molecular geometries of all species were
optimized in their lowest electronic state, followed by a har-
monic frequency calculation to ensure that the optimized
geometries are minima on the potential energy hypersurfaces
(PES). The minima of the family consistent with the 5780 Å
molecules have been previously determined (Ref. 59 and 60),
while the family consistent with the 5797 Å molecules corre-
sponds to rigid structures. Therefore, an extensive exploration
of the PES was not considered necessary to locate the respective
global minima.

None of the identified molecules in their neutral ground
electronic states exhibit absorptions in the optical, only in the
UV. Since ionization by electron loss or capture may shift their
electronic spectra sufficiently to the Vis range, both cations and
anions were considered. These ionized species were modelled
by subtracting or adding one or two electron(s) (and not, for
example by adding or removing protons). Thus, all singly-
charged ionic species in this work are open-shell doublets,
while the doubly-charged and the neutral species are singlet
closed-shell systems.

Both vertical and adiabatic ionizations were considered. The
vertical ionization is one in which the ion is frozen at the
geometry optimized for the neutral species, and the adiabatic is
one where the geometry of the ion is optimized before the final
electronic structure is generated. The calculated adiabatic
energy shifts include the zero-point vibrational energies (ZPEs).
The ionization potential (IP), whether vertical or adiabatic, is
defined as:

IP = Ecation � Eneutral, (1)

where IP represents the first ionization potential, while the first
electron affinity (EA) is defined as:

EA = Eanion � Eneutral. (2)

Since total energies are negative, when EA 4 0, this implies
that the energy of the neutral species is lower (i.e., more stable)
than the anion.

All molecules were optimized using density functional the-
ory (DFT)’s Perdew–Burke–Ernzerhof (PBE)35,36 GGA-XC func-
tional. Additionally, optical spectra were computed using time-
dependent density functional theory37–40 (TD-DFT),41,42

equation-of-motion coupled cluster with single and double
excitations (EOM-CCSD)43–46 and state averaged complete-
active-space-self-consistent-field (SA-CASSCF)47,48 with a (6,6)
active space for neutral glycolamide (M0). Only for CASSCF
calculations was the MOLPRO v2012.149,50 used. The
hybrid PBE0 (Perdew–Burke–Ernzerhof exchange & 25% Har-
tree–Fock exchange plus full PBE energy correlation),51,52 was
used for the TD-DFT calculations. All calculations were per-
formed using Dunning’s aug-cc-pVTZ correlation-consistent
polarized valence triple-zeta basis set, augmented with diffuse
function.53,54
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Findings
A. Molecular candidates from a comparison of DIB offset
energies and RASCALL vibrational energies

Molecules of interest were identified by examining the energy
differences between highly correlated DIBs, which probe the
vibrational level spacings of the carrier.21 For the 5780 Å family
these are: glycolamide (IUPAC: 2-hydroxyacetamide), lactamide
(IUPAC: 2-hydroxypropanamide), 3-hydroxypropanamide, and
oxamic acid. For the family tied to 5797 Å these are: 2-
cyclopenten-1-one, 2(5H)-furanone, 3(2H)-thiophenone, and
3(2H)-selenophenone. Fig. 2 shows the chemical structures of
these compounds.

The molecules for the 5780 Å family revealed some com-
monalities amongst the functional groups they may possibly
contain. They all appear to possibly contain a primary amide
and a hydroxyl group. The identification of certain types of
chemical bonds and functional groups in interstellar medium
is another piece in the jigsaw that can shed light on the nature
of the carriers (see discussions in ref. 55). For the 5797 Å family,
the identified molecules are similar in structure to 2-
cyclopenten-1-one, each differing by one atom within the five-
membered ring.

B. Calculated spectra of neutral ground electronic states

The spectra calculated with time-dependent DFT of the eight
neutral molecules are displayed in Fig. 3a, 4 and Fig. S1 (ESI†)
at the PBE0/aug-cc-pVTZ levels of theory. None of the neutral
species showed absorption bands in the visible spectrum as
expected from an inspection of their chemical structures.56,57

Several plausible explanations may account for the discrepan-
cies between our calculated electronic spectra and the observed

DIBs, for example, it is conceivable that these small organic
molecules act as building blocks for more complex interstellar
species with absorptions in the Vis.

Fig. 2 The chemical structures of the molecules of interest for the 5780 Å
(left column) and 5797 Å families (right column).

Fig. 3 UV-vis spectra of glycolamide calculated at the TD-PBE0/aug-cc-
pVTZ level of theory. (Top: Neutral molecule) The observed lines are solely
in the far UV part of the spectrum. (Bottom: +1 Cation): Most lines fall in
the far UV part of the spectrum, with one intense optical band.

Fig. 4 UV-vis spectra of candidate molecules associated with the 5780 Å
DIB family: (a) lactamide, (b) oxamic acid, and (c) 3-hydroxypropanamide,
in their neutral (black line) and their single (blue lines) and double (red lines)
cationic forms, calculated at the TD-PBE0/aug-cc-pVTZ level of theory.
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The strongest absorption band of most neutral molecules is
found between 187–217 nm (Fig. 3a, 4 and Fig. S1, ESI†). That
hints that the prominent 220 nm interstellar absorption feature
may arise in part from the superposition of the UV spectra of
these molecules.58

Different minimum energy conformers are possible for the
neutral molecules consistent with the 5780 Å family. Glycola-
mide, 3-hidroxypropanamide, and oxamic acid show the lowest
energy as –syn conformations with an intramolecular OH� � �O
hydrogen bond59 (Fig. 2). Conversely, lactamide’s minimum
energy corresponds to a trans conformer, forming an NH� � �O
intramolecular hydrogen bond.60 The neutral molecules con-
sistent with the 5780 Å family show the most intense bands in
the far and near UV spectrum. For glycolamide, several bands
near 200 nm reflect n–p* transitions, typical of the amide
moiety.61 Fig. 3a depicts the n–p* HOMO–LUMO+5 transition
of neutral glycolamide, and Fig. 4 shows other n–p* transitions
for the rest of the 5780 Å family.

Table 1 shows the results obtained for the transitions to the
first two excited states (S1: n–p* and S2: p–p*) with the three
methods used in this work, namely, TD-PBE0, EOM-CCSD, and
CASSCF, for neutral gycolamide.

As we could not find experimental gas-phase absorption
spectra of glycolamide, we compared the first two excited states
of neutral glycolamide with the experimental UV-vis data for the
simplest amide, i.e., formamide, which should be similar given
the similarity of the electronic environments in the two amides
and that the transition being compared occur between corres-
ponding energy levels.

Hirst et al.62 reported the experimental spectra of NH2CHO
and identified the lowest energy n–p* transition at 5.65 eV and
the most intense p–p* transition at 7.32 eV. The EOM-CCSD for
glycolamide shows a better agreement with the corresponding
experimental transitions in formamide than CASSCF (6,6) and
TD-PBE0. The three methods agree with the experiment in that
the S2 p–p* transition is the most intense. For glycolamide,
agreement with experiment is in the following decreasing
order: EOM-CCSD 4 SA-CASSCF (6,6) 4 TD-PBE0.

For the neutral molecules matching the 5797 Å family,
the intense bands in the UV correspond to a transition from
the HOMO or HOMO�1 orbitals to the LUMO, which corre-
sponds to a n–p* transition (Fig. S1, ESI†). M. Christianson
et al. obtained the experimental UV-vis spectra of 2-
cyclopenten-1-one with the n–p* band at 203 nm, which is
comparable with the TD-PBE0/aug-cc-pVTZ predicted value

(208 nm, Fig. S1a, ESI†). In addition to n–p* type bands, this
family also presents p–p* transitions.

C. Calculated spectra of molecular ions

Molecules in the interstellar medium can frequently exist in
ionized form owing to bombardment from ionizing radiation.
Stray electrons detached from one species can be captured by
another, and even form metastable states.63–66 Since none of
the identified molecules exhibit absorption in the visible part of
the spectrum, their ionized forms were explored.

Fig. 3b displays the TD-DFT spectra of glycolamide in its +1
cation state. The calculated spectra of the remaining cation
species (M = +1, +2) of the 5780 and 5797 Å families can be
found in Fig. 4 and Fig. S1 (ESI†). Often, ionized molecules can
be less stable than their neutral parents.67 For the 5780 Å
family, all closed-shell singlet dicationic species dissociate into
the alcohol radical (�CH2OH for glycolamide), and the carba-
moyl radical (�CONH2). These two radicals have structural
similarity to formaldehyde and formamide, respectively. For-
maldehyde is present in the interstellar medium as Goldanskii
demonstrated, especially relative to the tunneling of the for-
maldehyde monomer to produce polyoxymethylene (POM).68–71

Formamide is also believed to be present in the interstellar
medium (ISM),72–77 and so are aminomethanol (NH2CH2OH)
and the iminium ion (CH2QNH2

+), in addition to two open-
shell (radical) molecules, the carbamoyl radical as a fragmenta-
tion product of di-ionization of glycolamide, in tandem with its
isomer HCONH�. Moreover, glycolamide is an isomer of gly-
cine, which has also been found in the ISM. Glycine dications
have been studied in gas-phase, and its fragmentation into two
singly-charged cations is possible.67 Therefore, the possible
fragmentation of the glycolamide dication in the ISM may
likewise be feasible, or glycolamide-glycine isomerization could
lead to new ISM species.

For the 5780 Å family, Fig. 4 shows that although for the M+1

species the transitions shift toward the visible region, there is
no match with the DIBs observed for this family. For the 5797 Å
family, two ionized states could be obtained. Fig. S1 (ESI†)
shows the TD-DFT spectra obtained with a PBE0/aug-cc-pvtz
level of theory. The radical (doublet) singly-ionized and the
(singlet) doubly-ionized cations of the four molecules exhibit
bands with oscillator strength f 4 0.0002 below 500 nm.
The most intense bands of the cation are located in the UV
(Fig. S1, ESI†).

Table 1 Energy (E, eV) and oscillator strength (f, dimensionless) of the transitions (S1) from the ground to the first and (S2) from the ground to the
second excited states of neutral glycolamide, respectively, calculated at the EOM-CCSD/avtz, CASSCF (6,6)/avtz (M0) and TD-PBE0/avtz levels of theory
(where avtz is short for ‘‘augmented valence triple-zeta)’’. DE is the absolute energy difference between the excited states compared to the Hirst et al.’s62

experimental results on formamide

Neutral glycolamide (M0)

State CASSCF E (eV), f EOM-CCSD E (eV), f TD-PBE0 E (eV), f Exp.62 E (eV)

S1 6.51, 0.0005 (DE = 0.86) 6.02, 0.0001 (DE = 0.37) 5.93, 0.0002 (DE = 0.28) 5.65
S2 7.41, 0.0112 (DE = 0.09) 6.90, 0.0116 (DE = 0.42) 6.42, 0.0006 (DE = 0.90) 7.32
DES2–S1

0.90 0.88 0.49 1.67
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The M�1 and M�2 anions of the studied species are such that
the added electron is either marginally bound or marginally
unbound (Table 2 lists the IPs and EAs of the molecules of
interest in their neutral closed-shell states). Hence, the absorption
of an energetic photon necessary to induce an optical transition is
most likely to eject that excess electron conferring the rest of the
energy to the departing fragments’ kinetic energy. The anions are,
therefore, not pursued further in this paper.

Fig. 4 and Fig. S1 (ESI†) show that the single and double
cationic forms of these two families do not exhibit bands above
500 nm, which again invalidates the cationic species as DIBs
carriers.

It is pertinent here that we quote Herbst,78 who, in turn,
quotes Bill Klemperer—who proposed Sn- (n = 2, 3) in oxide
glasses as DIBs carriers—that ‘‘there is no better way to lose a
scientific reputation than to speculate on the carrier of the diffuse
bands’’. While no definitive carriers emerged, the work, never-
theless, suggests a roadmap combining quantum chemistry
and observational astronomical spectroscopy in the quest for
this century-old open problem. This study also underscores the
importance of compiling electronic and vibrational spectra of,
not only neutral molecules, but equally importantly of their
ionized states. The difficulty of obtaining extensive tabulations
of such spectra especially for ions bring to the fore the role of
quantum chemistry in this problem especially with the ‘‘astro-
nomical’’ advances in computer power, algorithms, and machine
learning. An analysis of rovibronic spectra of charged species
could perhaps yield more definite confirmations of DIB correla-
tions, especially in the light of additional information gathered
from the rotational substructure of each absorption peak.

D. Ionization potentials and electron affinities

Table 2 lists the first ionization potentials and first electron
affinities calculated at DFT with the PBE exchange–correlation
functional. The experimental values of IP for: 2-cyclopenten-1-
one (IP = 8.47 � 0.05 eV),79 2(5H)-furanone (IP = 10.65 eV),80

and oxamic acid (IP = 10.51 eV)81 are all in closer agreement
with the PBE result (DIP o 1 eV).

Discussion and conclusions

The effort to identify carriers for DIBs has remained a challenge
for a number of possible reasons. For example, degeneracies
exist where more than one molecule can produce lines match-
ing a small DIB family, particularly given the enormity of
chemical space (41060 possible chemical compounds). On
the one hand, quantum chemistry calculations suffer from
random and systematic errors (which have not been quantified
yet at the time of writing, in the sense that the results of
quantum chemistry do not have error bars). On the other hand,
small perturbations, such as intense radiation or external
fields, may alter an observational spectrum. This, in part,
explains the barriers faced, and why a sole molecule has a
consensus coalescing regarding its status as a carrier for only
two of more than 550 DIBs. This effort aims, in its essence, to
minimize the chemical and the parameter spaces to eventually
close-in on potential carriers.

We report two new families of highly correlated lines tied to
the two Heger lines (5780 and 5797 Å). The correlated families
are then analyzed, as described above, to posit a number of
small organic molecules that may be related to these DIBs.
Thus, electronic spectra were calculated for: glycolamide, 2-
cyclopenten-1-one, 3(2H)-thiophenone, 2(5H)-furanone, 3(2H)-
selenophenone, lactamide, 3-hydroxypropanamide, and oxamic
acid. These particular molecules were selected on the basis of a
comparison of the spacings between the DIBs within each
family to a molecular database (RASCALL). The calculated
spectra for the neutral and the cationic states of these mole-
cules show that they are not DIB carriers. However, the same
calculations suggest that these species absorb in the UV range
within the broad 220 nm shoulder to which they may concei-
vably be among its carriers. Notably, glycolamide has been
recently detected in the interstellar medium using high sensi-
tivity Yebes 40 m and IRAM 30 m telescopes, which observed
microwave radiation from the molecular cloud designated
G+0.693–0027.82

Rivilla et al. report a column density for glycolamide of 7.4 �
0.7 � 1012 cm�2, more than 11 orders of magnitudes less
concentrated than molecular hydrogen (H2).82 Despite its
comparative rarity with respect to the most abundant element
in the universe (hydrogen), the presence of glycolamide within
interstellar clouds is in tandem with the work conveyed here
and suggests the that this molecule could be responsible—per-
haps as a cation—for a subsample of DIB absorptions. More-
over, the detection of carbamoyl radicals in ISM,72 which are
products of the Coulomb explosion of glycolamide after losing
two electrons, bolsters the case for the glycolamide’s presence
in ISM and also for the propensity of this molecule to lose
electrons in interstellar conditions.

Recently, an artificial intelligence reverse-engineering
approach has been used in the context of drug-design, regres-
sing from known properties to an actual compound with that

Table 2 First ionization potentials (IP) and first electron affinities (EA) of
‘‘molecules of interest’’ that may possibly be linked with the 5780 and 5797
Å families, at DFT (PBE)/aug-cc-pVTZ level of computational theory

Moleculea

IP (eV) EA (eV)

Adiab./ZPE/Vert. Adiab./ZPE/Vert.

Glycolamide 9.01/9.01/9.68 0.06/0.03/0.07
Lactamide 8.68/8.66/9.20 0.11/0.06/0.15
3-Hydroxypropanamide 8.73/8.73/9.08 0.03/0.01/0.06
Oxamic acid 9.62/9.58/9.88 �0.45/�0.54/�0.16

2-Cyclopenten-1-one 8.95/8.89/9.02 �0.06/�0.13/0.07
2(5H)-Furanone 9.90/9.84/10.07 �0.06/�0.15/0.02
3(2H)-Thiophenone 8.69/8.67/8.79 �0.22/�0.32/0.01
3(2H)-Selenophenone 8.49/8.47/8.56 �0.31/�0.41/�0.10

a Adiabatic (Adiab.): energy difference between the ground state of the
neutral system and the ground state of the ionized system, including
structural relaxation. Vertical (Vert.): energy difference at the frozen
geometry of the neutral system, excluding relaxation of the ion. ZPE:
short for ‘‘adiabatic energy differences including zero-point vibrational
corrections for both neutral and ionized states’’.
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set of properties.83 The amount of data required to obtain a
high level of certainty for a one-to-one match of properties to a
specific molecule requires a massive amount of properties data.
A key objective moving forward is to reduce the expansive
parameter space, thereby mitigating the number of candidate
molecules. One pathway requires that a carrier emerge from
simultaneously matching its ions in the electronic and vibra-
tional (mid-IR) domains. Even stricter constraints could like-
wise be explored, whereby the selection is restricted to those
molecules whose rotational signatures were observed in the
microwave/radio (e.g., glycolamide).
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Université Paris-Saclay, for a sabbatical stay in the fall of 2024
during which much of the work has been completed. The
Digital Research Alliance of Canada is acknowledged for com-
putational resources used in this work.

References

1 R. C. Fortenberry, Interstellar Anions: The Role of Quantum
Chemistry, J. Phys. Chem. A, 2015, 119, 9941–9953.

2 R. C. Fortenberry, A Vision for the Future of Astrochemistry
in the Interstellar Medium by 2050, ACS Phys. Chem. Au,
2023, 4, 31–39.

3 C. Sousa-Silva, J. J. Petkowski and S. Seager, Molecular
simulations for the spectroscopic detection of atmospheric
gases, Phys. Chem. Chem. Phys., 2019, 21, 18970–18987.

4 I. Weber, P. R. Joshi, D. T. Anderson and Y.-P. Lee, Unique
Applications of para-Hydrogen Matrix Isolation to Spectro-
scopy and Astrochemistry, J. Phys. Chem. Lett., 2024, 15,
11361–11373.

5 I. Weber, M. Tsuge, P. Sundararajan, M. Baba, H. Sakurai
and Y.-P. Lee, Infrared and Laser-Induced Fluorescence
Spectra of Sumanene Isolated in Solid para-Hydrogen,
J. Phys. Chem. A, 2022, 126, 5283–5293.

6 M. L. Heger, Further Study of the Sodium Lines in Class B
Stars. The Spectra of Certain Class B Stars in the Regions
5630–6680 Å and 3280–3380 Å. Note on the Spectrum of
[Gamma] Cassiopeiae between 5860 Å and 6600 Å, Lick Obs.
Bull., 1922, 10, 146–147.

7 M. L. Heger, The Occurrence of Stationary D Lines of
Sodium in the Spectroscopic Binaries, ß Scorpii and d
Orionis, Lick Obs. Bull., 1919, 10, 59–63.

8 G. H. Herbig, Diffuse Interstellar Bands. 4 Region 4400–
6850 Å, Astophys. J., 1975, 196, 129–160.

9 G. H. Herbig, The Diffuse Interstellar Bands, Annu. Rev.
Astron. Astrophys., 1995, 33, 19–73.

10 J. Fulara and J. Krelowski, Origin of Diffuse Interstellar
Bands: Spectroscopic Studies of their Possible Carriers,
New Astron. Rev., 2000, 44, 581–597.

11 S. Kwok, Physics and Chemistry of the Interstellar Medium,
University Science Books, Sausalito, California, 2007.

12 T. P. Snow and J. D. Destree. The Diffuse Interstellar Bands
in History and in the UV, in PAHs and the Universe: A
Symposium to Celebrate the 25th Anniversary of the PAH
Hypothesis, ed. C. Joblin and A. G. G. M. Tielens, EAS
(European Astronomical Scociety) Publications Series,
2011, vol. 46, pp. 341–347.

13 J. Tennyson, Astronomical Spectroscopy: An Introduction to the
Atomic and Molecular Physics of Astronomical Spectra, World
Scientific Publishing, Co. Pte. Ltd, Singapore, 2nd edn,
2011.

14 B. J. McCall and R. E. Griffin, On the Discovery of the Diffuse
Interstellar Bands, Proc. R. Soc. A, 2013, 469, 20120604.

15 H. Fan, L. M. Hobbs, J. A. Dahlstrom, D. E. Welty, D. G.
York, B. Rachford, T. P. Snow, P. Sonnentrucker, N. Baskes and
G. Zhao, The Apache Point Observatory Catalog of Optical
Diffuse Interstellar Bands, Astrophys. J., 2019, 878, 151.

16 G. A. Galazutdinov and J. Krelowski, Looking for the Weak
Members of the C60

+ Family in the Interstellar Medium, Acta
Astron., 2017, 67, 159–169.

17 G. A. Galazutdinov, G. Valyavin, N. R. Ikhsanov and
J. Krelowski, Diffuse Bands 9577 and 9633: Relations to
Other Interstellar Features, Astron. J., 2021, 161, 127.

18 L. Schlarmann, B. Foing, J. Cami and H. Fan, C60
+ Diffuse

Interstellar Band Correlations and Environmental Varia-
tions, Astron. Astrophys., 2021, 656, L17.

19 D. Majaess, T. A. Harriott, H. Seuret, C. Morera-Boado,
L. Massa and C. F. Matta, Strengthening the Link between
Fullerenes and a Subset of Diffuse Interstellar Bands, Mon.
Not. R. Astron. Soc., 2025, 538, 2392–2395.

20 B. J. McCall, M. M. Drosback, J. A. Thorburn, D. G. York,
S. D. Friedman, L. M. Hobbs, B. L. Rachford, T. P. Snow,
P. Sonnentrucker and D. E. Welty, Studies of the Diffuse
Interstellar Bands. IV. The Nearly Perfect Correlation
between ll 6196.0 and 6613.6, Astrophys. J., 2010, 708,
1628–1638.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
5 

20
25

. D
ow

nl
oa

de
d 

on
 2

02
6-

06
-1

1 
 1

:1
5:

42
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04023f


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 12666–12674 |  12673

21 A. Bondar, The Well Correlated Diffuse Interstellar Bands at
ll 6196, 6614 Å and their Possible Companions, Mon. Not.
R. Astron. Soc., 2020, 496, 2231–2240.

22 J. Krelowski and G. A. H. Walker, Three Families of Diffuse
Interstellar Bands?, Astrophys. J., 1987, 312, 860–867.

23 J. Cami, P. Sonnentrucker, P. Ehrenfreund and B. H. Foing,
Diffuse Interstellar Bands in Single Clouds: New Families
and Constraints on the Carriers, Astron. Astrophys., 1997,
326, 822–830.

24 F. Xiang, Z. Liu and X. Yang, A Study on the Correlations
between Diffuse Interstellar Bands, Publ. Astron. Soc. Jpn.,
2012, 64, 31.

25 F. Smith, D. Majaess, T. A. Harriott, L. Massa and
C. F. Matta, Establishing New Diffuse Interstellar Band
Correlations to Identify Common Carriers, Mon. Not. R.
Astron. Soc., 2021, 507, 5236–5245.

26 A. D. Sullivan, E. R. Smith, F. M. Smith, T. M. Fields,
T. A. Harriott, D. Majaess, L. Massa and C. F. Matta, Sepa-
rate Molecular Carriers for the Mary Lea Heger DIBs at 5780
and 5797 Å, Bull. Am. Astron. Soc., 2023, 55, No. 2, e-id:
2023n2i213p05, 213-05.

27 J. Hartmann, Investigations on the Spectrum and Orbit of
Delta Orionis, Astrophys. J., 1904, 19, 268–286.

28 P. Merrill, Unidentified Interstellar Lines, Publ. Astron. Soc.
Pac., 1934, 46, 206–207.

29 P. W. Merrill and O. C. Wilson, Unidentified Interstellar
Lines in the Yellow and Red, Astrophys. J., 1938, 87, 9–23.

30 H. Fan, D. E. Welty, D. G. York, P. Sonnentrucker,
J. A. Dahlstrom, N. Baskes, S. D. Friedman, L. M. Hobbs,
Z. Jiang, B. Rachford and T. P. Snow, The Behavior of
Selected Diffuse Interstellar Bands with Molecular Fraction
in Diffuse Atomic and Molecular Clouds, Astrophys. J., 2017,
850, 194.

31 G. Galazutdinov, A. Bondar, B.-C. Lee, R. Hakalla, W. Szajna
and J. Krelowski, Survey of Very Broad Diffuse Interstellar
Bands, Astrophys. J., 2020, 159, 113.

32 E. R. Smith, F. M. Smith, T. A. Harriott, D. Majaess, L. Massa
and C. F. Matta, Novel Correlations between Diffuse Inter-
stellar Bands and Optical Reddening, Res. Not. Am. Astron.
Soc., 2022, 6(4), 82.

33 J. E. Dyson and D. A. Williams, The Physics of the Interstellar
Medium, CRC Press, Taylor & Francis Group, Boca Raton,
3rd edn, 2021.

34 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G.
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery Jr., J. E.
Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers,
K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi,

J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox,
Gaussian 16, Revision C.01, Gaussian Inc, Wallingford CT,
2019.

35 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.,
1996, 77, 3865–3868.

36 J. P. Perdew, K. Burke and M. Ernzerhof, Errata: Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett., 1997,
78, 1396.

37 P. Hohenberg and W. Kohn, Inhomogeneous Electron Gas,
Phys. Rev. B: Condens. Matter Mater. Phys., 1964, 136, 864–871.

38 R. G. Parr and W. Yang, Density-Functional Theory of Atoms
and Molecules, Oxford University Press, Oxford, 1989.

39 D. S. Scholl and J. A. Steckel, Density Functional Theory: A
Practical Introduction, Wiley, Hoboken, New Jersey, 2009.

40 W. Koch and M. C. Holthausen, A Chemist’s Guide to Density
Functional Theory, Wiley-VCH, New York, 2nd edn, 2001.

41 E. Runge and E. K. U. Gross, Density-Functional Theory for
Time-Dependent Systems, Phys. Rev. Lett., 1984, 52,
997–1000.

42 M. Petersilka, U. J. Gossmann and E. K. U. Gross, Excitation
Energies from Time-Dependent Density-Functional Theory,
Phys. Rev. Lett., 1996, 76, 1212–1215.

43 J. F. Stanton and R. J. Bartlett, Equation of Motion Coupled-
Cluster Method: A Systematic Biorthogonal Approach to Mole-
cular Excitation Energies, Transition Probabilities, and Excited
State Properties, J. Chem. Phys., 1993, 98, 7029–7039.

44 D. C. Comeau and R. J. Bartlett, The Equation-of-Motion
Coupled-Cluster Method. Applications to Open- and Closed-
Shell Reference States, Chem. Phys. Lett., 1993, 207, 414–423.

45 A. Szabo and N. S. Ostlund, Modern Quantum Chemistry:
Introduction to Advanced Electronic Structure Theory, Dover
Publications, Inc., New York, 1989.

46 I. N. Levine, Quantum Chemistry, Pearson Education, Inc,
Boston, 7th edn, 2014.

47 P. J. Knowles and H.-J. Werner, An Efficient Second-Order
MC SCF Method for Long Configuration Expansions, Chem.
Phys. Lett., 1985, 115, 259–267.

48 H.-J. Werner and P. J. Knowles, A Second Order Multi-
configuration SCF Procedure with Optimum Convergence,
J. Chem. Phys., 1985, 82, 5053–5063.

49 H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby and
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