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ABSTRACT: By 2050, many, but not nearly all, unattributed astronomical spectral
features will be conclusively linked to molecular carriers (as opposed to nearly none
today in the visible and IR); amino acids will have been observed remotely beyond
our solar system; the largest observatories ever constructed on the surface of the Earth
or launched beyond it will be operational; high-throughput computation either from
brute force or machine learning will provide unprecedented amounts of reference
spectral and chemical reaction data; and the chemical fingerprints of the universe
delivered by those of us who call ourselves astrochemists will provide astrophysicists with unprecedented resolution for determining
how the stars evolve, planets form, and molecules that lead to life originate. Astrochemistry is a relatively young field, but with the
entire universe as its playground, the discipline promises to persist as long as telescopic observations are made that require reference
data and complementary chemical modeling. While the recent commissionings of the James Webb Space Telescope and Atacama Large
Millimeter Array are ushering in the second “golden age” of astrochemistry (with the first being the radio telescopic boom period of
the 1970s), this current period of discovery should facilitate unprecedented advances within the next 25 years. Astrochemistry forces
the asking of hard questions beyond the physical conditions of our “pale blue dot”, and such questions require creative solutions that
are influential beyond astrophysics. By 2050, more creative solutions will have been provided, but even more will be needed to
answer the continuing question of our astrochemical ignorance.
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■ INTRODUCTION
The year 2050 will look like today but not. A veneer of the
contemporary will mask the changes underneath, like a remodel
of a house undertaken when the mortgage is nearly paid off. The
late 1990s are as close to today as 2050. In thinking back to this
earlier time, compared to today, many things are the same.Many
are different, but the differences are more subtle than Marty
McFly would have hoped they should be. As such, in 2050
science, physical chemistry, and even astrochemistry will look
the same on the outside, but the inside will have all new
developments where many of the “grand questions” will have
been answered, while others will remain unsolved. New
challenges will have arisen, and the depth of knowledge will be
greater.

A back extrapolation of another quarter-century from the turn
of the 21st century to the 1970s can be viewed, though, as
showing more stark differences in many ways than the late 1990s
compared to the early/mid 2020s. In other words, the 1990s
looked more like the 2020s than the 1990s did the 1970s.
Undoubtedly, the Internet, cable television, email, satellite
phones, and most other electronic communications have caused
a huge shift in how humans interact and also how science is

performed. However, this shift wasmore acute from the 1970s to
1990s than over themost recent 25 year span. Consequently, the
roughly 50-year lookback from 1970 to now is much more
significant than a 25-year lookback and actually encompasses all
major aspects of astrochemistry, except for some of the earliest
wanderings by Sir William Huggins, Andrew McKellar, and
Gerhard Herzberg among others. A vision for 2050 must first
begin with a view from the beginning.

The game-changer for astrochemistry and, specifically, the
study of the chemistry of the interstellar medium (ISM) was,
without a doubt, the radiotelescope, a technological child of the
radar technology pioneered in World War II. Radio emissions
from rotating molecules observed from sources all over the
immediate galactic neighborhood shifted the paradigm for the
presence of molecules in space. Space, and the ISM in particular,
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was thought to be too harsh with high-energy photons and
cosmic rays to allow molecules to persist for any observable
lifetime. However, observation of these emissions ceased their
discussion as purely theoretical or only limited to postulated H2
and put molecules and chemistry in the regions between stars
and even in between galaxies. These observations put the
hydroxyl radical,1 ammonia,2 and water3 into the astrochemical
molecular census. While CN and CH had been observed
through telescopic ultraviolet−visible (UV−vis; the domain of
electronic spetroscopy) 30−35 years prior,4−6 they were soon
confirmed through their rotational emissions in the early
1970s7,8 along with carbon monoxide,9 formaldehyde,10 and
the first trove of interstellar molecules with strong emission
features ranging from methanol (Figure 1)11 to hydrogen
cyanide12 andmany others13−23 in what should be called the first
“golden age” of astrochemistry.

From these radio/millimeter/submillimeter/rotational emis-
sion observations, early chemical models began to show the ways
in which these molecules could interconvert and then even react
to become other chemical species yet to be observed.24,25 The
detection of these new molecules would require laboratory (or
even theoretical) reference data. Many of the predicted species
were detected. Many were not. The models were refined. More
were detected. The models were refined. More reference data
were generated. More observations were made. And again and
again and again and again. Thus, astrochemistry and its
interdependent triangle26 of observation, modeling, and
reference data production were born.

This process of astromolecular discovery has continued with
fits and starts in the time since,27,28 but the most recent years
have been among the most fruitful with newly developed
observational techniques pioneered bymany groups producing a
census of what is fast approaching 250 novel molecules observed
beyond our solar system.23,29−31 However, hordes of other
molecular species are likely lurking in the same regions as these
known molecules, but many lack the pesky dipole moment

required for radiotelescopic observation. These currently
unobserved molecules will offer more complete clues about
the molecular origins of stars, planets, and likely also life. While
molecular probes like CO and N2H+32 have been used for
decades as proxies for H2 andN2, respectively, direct observation
of nonpolar species will require new wavelengths and new
observatories. Additionally, while robotic rovers on Mars33,34

and probes to the gas giants35−37 have provided additional
chemical insights into these regions, remote sensing will still play
a huge role in astrochemistry.38 Luckily, the James Webb Space
Telescope (JWST) is here.

■ A NOTE ABOUT THE PRESENT (JWST AND
FRIENDS)

JWST has already provided clear detection of benzene in a stellar
disk,39 confirming a detection claim from 2001 in theWestbrook
Nebula (stellar cocoon CRL 618).40 Of course, the radio
detection of the related benzonitrile41 shows clear evidence for
benzene, as well, but, again, nothing really compares to direct
observation. JWST provides for that.

Benzene is a big deal because, while most of the carbon in the
universe is tied up in carbon monoxide, most of the remainder,
as much as 20% of the total, is locked in polycyclic aromatic
hydrocarbons (PAHs),42 basically sheets of benzene rings. Most
PAHs do not possess a dipole moment, rendering their
observation with radiotelescopes unobtainable. The Hubble
Space Telescope (HST) could see evidence for them in the near-
IR, and the Spitzer Space Telescope could, as well, but JWST does
it better, a veritable James Bond of observation. It was built to do
so. However, even when a dipole moment is not required for
observation, the problem with PAHs is that they are too
amorphous and likely too ubiquitous.43 They have spectral
properties much too similar to one another for incontrovertible
unique detections, and like the tar and soot they make here on
the Earth, PAHs gunk up infrared (IR) spectra.44,45 They are
believed to dominate all IR spectra46−48 and cloud the
observation of arguably more interesting molecules. Hence,
the problem with PAHs and JWST is that in order to see what
else is out there, the PAH spectramust be removed.While such a
process is fairly routine,48 no ab initio reference PAH spectra
perfectly match the observed JWST spectral features. That
sounds like a future problem.

The larger issue at play is that IR spectra are not unique
identifiers of molecular properties. For instance, the so-called
“fingerprint” region in organic laboratory IR spectra is necessary
to provide some semblance of unique identification, but even
that is not fully rigorous in many cases since many molecules can
have nearly identical vibrational behavior for certain modes.
Even so, the IR still possesses the necessary properties that make
its use with JWST essential. Most notably, silicates and other
minerals that comprise most rocky and dusty particles are more-
or-less transparent in the IR, allowing instruments such as
NIRSpec and MIRI onboard JWST to pierce these veils
previously hidden. Additionally, even though NMR is nearly
fully replacing IR in the organic laboratory for classification, the
idea of an NMR telescope is a bit of an oxymoron. Hence, IR is
key even if such an instrument has to be outside of the Earth’s
atmosphere.

As such, JWST is providing amazing images and insights into
regions never before thought imaginable. Clear, directly imaged
exoplanetary atmospheric spectra are coming back with the
lowest signal-to-noise ever recorded for such observations.49,50

JWST has also observed everything from the most-distant

Figure 1. September 1970, 140-foot NRAO radio telescope observed
spectrum of Sagittarius B2, leading to the detection of methanol at
834.301 MHz. Reproduced from ref 11 with permission from the
authors.
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known galaxies to planets within our solar system. The
unprecedented chemical data that each observation provides51

is beyond the previous capabilities of any observatory, but even
this is based on designs that are nearly 20 years old or more.52

Standard NASA mission protocols will have technology freeze
dates three-to-five years before the anticipated mission launch.
This ensures that technologies included in the mission are
robust, adequately tested, and able to interact with one another
so that the technology does not end up like Johnny Cash’s
Cadillac in “One Piece at a Time.” Hence, an initial technology
testing date of 2014 actually relied upon parts from pre-2010
that were mostly pre-existing before this.51,52 Consequently, the
fantastic images provided by JWST could have been even better
if the inclusion of more contemporary technology had been
possible. The advances in camera technology, largely from
smartphones, imply that the future of astrochemistry looks
bright provided that the next generation telescopes are funded.
However, the 2020 Astronomical Decadal Survey53 specifically
calls for such to be funded and built in order to keep pushing
astronomy, astrophysics, and, hence, astrochemistry forward;
more on this later.

However, there are other wavelengths of light besides UV−vis
and the IR. The radio and its observation of rotational lines have
been the workhorse of ISM studies for decades, as described
above. Unlike the IR, it provides definite identification of
molecules due to the unique moments of inertia present in every
rotating body, but radioastronomical observation competes with
communication frequencies such that most radiotelescopes can
operate only in certain ranges. However, some places like the
national radio quiet zone around Green Bank, WV and the
National Radio AstronomyObservatory’s (NRAO) Green Bank
Telescope (GBT) along with observatories in the mountains of
Arizona, New Mexico, Spain, and France (among others) are
less hindered by such windows. Then, beyond all of these, the
Atacama Large Millimeter Array (ALMA) stationed in the high
desert of Chile has the largest current baseline and the most
individual nodes in its interferometer and is in one of the most
remote regions of the world, guaranteeing the highest sensitivity
of any telescope of any kind ever built, thus far. Additionally,
while HST could be serviced from orbit, ALMA is on the ground
even if it is in a remote region. Hence, driving a truck to the
Atacama Desert to repair one of its dishes is orders of magnitude
less expensive than launching a now-defunct space shuttle to
service the HST. Worse than HST, the JWST is not serviceable
at all and has a finite lifetime based on its fuel tanks. Hence,
ALMA stands a good chance to be operational for generations
provided there is enough regular maintenance performed and
there is a desire to do so.

In all cases, the current status of astrochemistry, especially as it
applies to the study of the ISM, is really in its second “golden
age” with JWST and ALMA filling in the gaps and far exceeding
the capabilities of their predecessors. Observers have the most
amazing telescopes ever constructed, and the laboratory/
theoretical reference data developers and astrochemical
modelers have more data from observation than they know
what to do with at the moment. To this point for pushing toward
2050, the gathering of astrochemical spectral data is not the
limiting factor. The parsing and unique determination of
molecular data are where the new confusion limit resides.
Observation will not and should not slow; the other two
branches must catch up. Hence, the future of astrochemistry lies
in our ability to reduce the time required to go from observation
to characterization. This is just now opening up even as the

future of observatories is exceptionally exciting for astrochemical
applications.

■ THE 2050 HORIZON

Observation by 2050

In keeping with radio/millimeter/submillimeter/rotational
emission observations, the allure of deterministic spectral
characterization will not fade any time soon, even in the days
of JWST. Additionally, the easiest means of producing even
higher sensitivity and a larger frequency range for radio
telescopes is simply to build an interferometer with more
observing units over a longer baseline. The 2050 horizon in this
regard is dominated by the square kilometer array (SKA)
currently under construction in South Africa and Australia with
work scheduled to proceed in earnest for the next decade and
continuing improvements likely to progress for another decade
after that, putting its “completion” (a mostly arbitrary choice of
definition for something so large) nearer to 2050 than 2030. Its
tens of thousands (yes, tens of thousands) of antennas will be
spread over a distance of 3,000 km with a collecting area of
roughly 1 km2 (hence, the name). While each of the individual
receivers for SKA will be paltry compared to those for ALMA,
the sheer number of them spread between these two countries
will make pixel resolution the smallest swaths of the sky ever
conceived.

Similar to the SKA is the next generation very large array
(ngVLA), another radiotelescope array that is building upon the
existing VLA hosted by the National Radio Astronomical
Observatory at its high desert site in NewMexico. The upgraded
ngVLA has larger individual dishes at 18 m than SKA but will
cover a smaller area of roughly 1000 km stretched over Arizona,
Mexico, Texas, and New Mexico at an average altitude of
roughly 2100 m. Hence, ngVLA will augment SKA and ALMA
and provide an unprecdented resolution of astronomical (and
hence astrochemical) observations.

In either case of the SKA or ngVLA, more fine spectral and
chemical details will be teased out like never before. The
chemical census of certain bands of protoplanetary disks may yet
be uniquely characterized, such that the chemical evolution for
the molecules that lead to life could be identified as they form in
certain regions. What ALMA did for spectral resolution, SKA
and ngVLA will do for spatial resolution and, like ALMA, SKA
and ngVLA can be modified, updated, expanded, and
maintained for as long as interest and the associated funding
allow.

Along a similar vein but for higher light frequencies, one of the
next space observatories supported by the 2020 Decadal Survey
is for a telescope that would effectively combine the HST with
the JWST and then ramp up both. The Large UV/OpticalIR
Surveyor (LUVOIR; Figure 2) is JWST’s much larger offspring
and potential successor considering that the next generation
telescope is proposing to be built along nearly the same
engineering stretegy (i.e., individual movable hexagonal mirrors,
folding portions, solar orbit at L2, etc.). For instance, JWST’s
mirror is 6.5 m in diameter; LUVOIR’s is proposed to be a
whopping 15 m. JWST has 18 mirrors while LUVOIR
Architecture A is proposing 120! This Architecture A will
require solar orbital insertion via the Space Launch System
(SLS) from NASA which has not been fully developed for
launch, yet. Architecture B (Figure 2C) is roughly half the
diameter as well as half the number of mirrors but could fit in
modern rockets for launch. In either case, JWST data will be
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comparable to 16th century maps of the Earth’s Western
Hemisphere in regards to what LUVOIR promises to produce. It
will also be able to combine multiple wavelengths of light in a
single observation with its various instruments, providing a
complete spectral picture of specific astrophysical regions at the
same time. Such timestamps will reduce uncertainty and give
large band analysis like never before. LUVOIR is scheduled to
launch in the late 2030s if it is selected for development.
However, with JWST delayed by more than a decade, LUVOIR
probably will not launch for at least a similar delay (and may be
combined with the Habitable Exoplanets Observatory creating
the Habitable Worlds Observatory, or HWO, still observing the
same UV/optical/IR wavelengths), implying that it will be
coming online close to 2050 and will only begin providing
astrophysical insights then.
Reference Benchmarking by 2050
In consideration of SKA, ngVLA, and LUVOIR (or HWO)
combined with the ongoing influx of JWST data for another
decade or so and the possible perpetuity of ALMA, the amount
of astronomical spectral data to be produced is staggering. Again,
the characterization of such data will be key in moving forward.
The most promising emerging technology to be able to handle
such is not unique to astrochemistry in any way: computational
analysis, specifically via machine learning (ML) and artificial
intelligence (AI). Such ideas are actually not new, even in

astrochemistry. For all of the benefits of radiotelescopic
observation, broadband rotational spectroscopy has had its
challenges in attribution since it began. Any observation is a
forest of lines with different species growing to different heights
in different locations. Determination of such is like a game of
pickup sticks played in the dark. For example, a simulated
rotational spectrum in Figure 3 is composed of only five
molecules at 10 K, the average temperature of TMC-1.
Hundreds of lines are present and stretch across ALMA bands
1−7 with the highest density in bands 1, 2, and 3. A much higher
density of lines will certainly be present when more than five
molecules contribute. While some patterns are clearly visible in
this sample spectrum and eagle-eyed, trained graduate students
can pick this out and pull useful data from such observations, this
is tedious and filled with trial and error, a procedure that
computers should be able to handle much better than people.

Computers are supposed to be good at completing large
numbers of redundant tasks. Picking out one line in the
radiotelescopic rotational emission spectrum, comparing to
others, finding a pattern, and matching that pattern to a known
standard56,57 should be relatively straightforward to any
computationally minded programmer. Some attempts have
been made to provide such programs including AUTOFIT58

and the Global Optimization and Broadband Analysis Software
for Interstellar Chemistry (GOBASIC),59 but work in this area
has focused on providing spectral explanations based on known
standards. By 2050, predictions of the molecular carriers should
be based solely on the analyzed spectrum itself.

In a nutshell, such a computer programwould be able to select
a rotational line and find all of the associated lines that would
comprise a full, unique molecular spectrum. It would have to
compare how that line would match with those to whom it was
being paired based on various factors and how the pairing of
those lines predicted andmatched third, fourth, and higher lines.
If this could be accomplished, molecular spectra could be pulled
from broadband data, and rotational constants could be
produced from it. Such a method would then produce a set of
molecular properties that could then be further analyzed
through high-level quantum chemistry or cutting-edge labo-
ratory experimentation in order to find a closest match.

The computational problem with such a broadband analysis
comes down to the number of permutations and combinations
that are possible for line pairing. This is actually similar to the
classic traveling salesman problem (TSP) from computer

Figure 2. Concept designs for the LUVOIR telescope in the A)
Architecture A configuration, B) Architecture A folded into the as-of-
yet unfinished SLS launch fairing, and C) smaller Architecture B
configuration. All images are reproduced with permission from NASA/
GSFC.54

Figure 3. Sample rotational spectrum (in GHz) for five molecules at 10 K comprising arbitrarily chosen near-prolate, near-oblate, asymmetric top, and
high mass sets of rotational constants. Image created by the author via PGopher.55
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science and optimization research: what is the shortest distance
that can be traveled between a given set of destinations?
However, here, the distance between spectral lines then begets a
prediction for the position of other lines, unlike TSP where the
distances are arbitrary based on simple geography. The
rotational line version makes the problem somewhat simpler
in that a sampling of two or so distances (differences in transition
frequencies) will provide immediate feedback as to whether
those three lines giving the two distances are related to a fourth
line. However, this last part also makes the problem more
difficult to solve in that additional criteria have to be predicted
and tested for comparison before the end of the run, which takes
computational time. However, the growth in computer
hardware along with the needed algorithms to take advantage
of such things is simply a product of the need to develop and
make use of what is currently available. Graphical processing
units (GPUs) can process large amounts of data quickly thanks
to the growth in the video game industry, and these combined
with computational buzzwords such as ML will enhance the
throughput that such methods would require.

Broadband analysis of this type is still very open-ended, but
cracking this type of spectral prediction would be a game
changer for radioastronomical observation. Analyzing by hand
or with current reference-based computer programs of such
broadband rotational spectral data as that provided by ALMAor,
later, SKA or ngVLA is intractable for the amount of data that is
currently being produced and is not predictive in giving
quantum chemists and laboratory astrophysicists clear targets
for matching molecular properties. Even with the removal of
known lines, new, unassigned lines crop up in every observation.
What programs like that outlined above promise is to be able to
parse spectra and provide good estimates for rotational
constants that define the spectral features, which can then lead
to the detection of new molecules. If there are no quality
candidates to explain the lines from known benchmarks, the
rotational constants themselves combined with the nature of
quantum mechanical rotational behavior give a clear indication
for the type of molecule present. Hence, this will not only reduce
the guessing from spectral characterization but also provide an
additional means of finding new molecules in space.

The alternative of analyzing the spectrum to produce
rotational constants is to produce rotational constants from
high-throughput analysis for direct comparison to observations.
No other means of data production can easily and quickly
generate novel molecular structures and spectra, quite like
quantum chemical computations. In fact, comparison to theory
is now expected for the determination of rotational constants in
radiotelescopic observation,27 but this has only emerged
recently for vibrational spectra as would be needed by JWST
or LUVOIR.60,61

Automation of quantum chemical computations for various,
“big hammer” chemical applications is not a new idea,62 but
further complexities arise for vibrational spectroscopymore than
what method and basis set to use, which itself is an important
choice. Anharmonicity is essential for accurate predictions, but
how should that be modeled: explicitly or heuristically? If
explicitly, then, is perturbation theory sufficient or are variational
methods needed? In either case, which flavor of those and how
large does the potential energy surface need to be? Each choice is
based on a balance between time and accuracy.63 Recent work
has shown that density functional theory (DFT), scaled
harmonic vibrational frequencies can provide broad-strokes IR
data for thousands of molecules in a small amount of time on a

standard high-performance computing cluster.61 Such an
approach promises to provide more data than ever before
within the time frame of a JWST data release. This is getting
closer to the throughput needed to conjoin efficiently with
observation.

Again, as hardware like GPUs and even quantum computing
technology develops, dedicated, stochastic approaches could
“brute force” their way through thousands of molecules in a
similar fashion especially though the use of dedicated backbones
and functional groups linked together with SMILES strings64

which can construct molecules with single-line computational
syntax. Of course, larger molecules like PAHs will require even
lower-levels of theory than DFT can provide in order to reach
the needed level of throughput for scratching the surface of
JWST (much less LUVOIR) data, and ongoing work is
parametrizing semiempirical methods to this effect through
automated, explicitly anharmonic computations trying to solve
the future problem of PAHs as alluded to previously.65−67

By the time we approach 2050, however, high-throughput
quantum chemical analysis will become routine. Reference
papers will contain dozens to hundreds and even thousands of
molecules with near-spectroscopic quality. This will be
enhanced by experimental analysis to fine-tune the results, and
more molecules will be handed to modelers and observers to
grow the chemical inventory like never before.
Modeling by 2050

While ML and AI are the current buzzwords in computer
science, by 2050 they will either have been forgotten completely
or be so ubiquitous and commonplace such that they will have
taken on a completely different meaning in pop culture much
like “drive,” “fax,” or “tweet” have over the previous half-century.
ML is actually not a new idea itself, with versions of this coming
from the dawn of computer science in the post-WorldWar II era
(much like radioastronomy that begat modern astrochemistry in
its first “golden age”). However, modern computer hardware
finally has the resources necessary to effectively utilize such ML
and AI algorithms for chemically meaningful problems. In
astrochemical modeling, having a more efficient means of
predicting the needed quantities for observational character-
ization and how that influences the overall reaction network of a
given astronomical region is key to pushing our understanding
forward.

ML offers an elegant computational means of producing such
data in novel ways. Recent work has provided estimates of
column densities (a measure of molecular abundance) in the
dark molecular cloud TMC-1 found in the constellation
Taurus.68 Such a body is relatively stagnant in its ongoing
chemistry, but other bodies are more dynamic and have shorter
timeframes related to how the chemical environment changes.
ML techniques have been brought to bear on modeling such
environments in the case of protostars. Novel molecular targets
have now been predicted in reaction networks providing
impetus for subsequent observation.69 Additionally, ML has
shown that it competes with traditional modeling needed to
provide column densities (and, hence, emission peak heights) in
the detection of C10H−, the first interstellar anion observed in
more than a dozen years.70,71

As such, the ML appears to be on the cusp of securing a place
in how chemical reaction networks are processed. This is also
true in many other areas of chemistry, but the column densities
of molecules are essential for pinning down as narrow of a range
as possible in the concentration portion of the Beer−Lambert
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Law such that the observed telescopically observed emission
signal can be tied to a molecular carrier. As such algorithms
develop, they may or may not supersede traditional methods of
modeling molecular abundances, but they are allowing for new
pathways of corroboration if not dominance in how modeling is
undertaken.

■ THE STATE OF ASTROCHEMISTRY IN 2050
The future of astrochemistry comes down to determining the
carriers of telescopic spectral features and then understanding
how these observed molecules will react. The fundamental
understanding of the chemical censuses of different regions will
inform astronomers, planetary scientists, and astrobiologists of
the chemical stockpiles available to form planets, produce stars,
and even create life. However, this problem of spectral
characterization is not new for the present and will not be new
for 2050. As shown previously, it will be evenmore difficult. This
is most easily showcased in visible spectroscopy where,
potentially, LUVOIR or other space telescopes like the
upcoming Nancy Grace Roman Space Telescope could provide
novel insight. Here, will the “grand questions” of astrochemistry
be answered by 2050? Yes, in part but never completely.
Diffuse Interstellar Bands

While PAHs are believed to be the cause for a majority of
observed IR emission transitions,44,72−75 the exact cause of their
UV-to-visible (likely electronic) absorption transition counter-
parts remains a mystery. These so-called “diffuse interstellar
bands” (DIBs) stretch from wavelengths of roughly 4,000 Å to
nearly 10,000 Å,43,76−78 and some may be linked to PAHs79

while others likely are not. Several reviews are available for these
features,80−84 but they have often been called longest-standing
problem in spectroscopy since they went unatrributed for nearly
a century.24,85 Even though “there is no better way to lose a
scientific reputation than to speculate on the carrier[s] of the
[DIBs],”24,86,87 C60

+ now has few obstacles to its claim as carrier
for at least four of these features.88−91 More carriers must be
forthcoming.

By 2050, slightly more than 25 years from now, more of these
DIBs will be linked to molecular carriers. While it took more
than five years before C60

+ was widely accepted for its role in
DIBs, the first attribution is always the hardest. Since HST
confirmed C60

+ as this first DIB carrier,89 LUVOIR (or HWO)
should be able to assist with future attribution claims after it
launches. Additionally, once theDIB code is cracked, the carriers
will begin falling into place in much the same way molecules
were observed via radiotelescopic characterization in the 1970s.
The past will likely be repeated. Certainly, there are untold
radioastronomical rotational lines that are still unattributed, but
the molecules being uniquely detected in those regimes now are
in what used to be the noise for earlier generations of telescopes.
Such will be the case with the DIBs, as well. Hence, the broadest,
tallest, and most correlated DIB features should be attributed by
2050, and many more unattributed DIBs will be added. Novel
understanding of chemical reactions via modeling (potentially
usingML) aided by both laboratory and quantum chemistry will
likely and clearly show that already known molecules from
rotational emission are producing some of the DIBs, and these
will likely then explain many emission features in the IR. Such
cross-wavelength correlation has largely been lacking in
astrochemistry, but once it takes place, the depths of knowledge
for the chemical cosmos will have unprecedented contiguity.

Such holistic provision will then provide clear molecular holes
in the chemical reaction networks that have to be explained. The
chemical inventory of certain regions will increase. The roles
that these new molecules play in reaction networks and in
observations will be firmly established. Multiwavelength
characterization should happen by 2050. Then, after 2050
when SKA, ngVLA, and LUVOIR have come into their own,
these observatories will lower the noise limit once more,
providing for even more molecules to be classified, observed,
and placed in reaction pathways. Different astronomical regions
and even subregions (via SKA/ngVLA) will have definitive
variations showcasing once more how astrochemistry is the
fingerprint of astrophysics. This will provide unprecedented
stepwise progression in observing the evolution of exoplanets,
protoplanetary disks, and stars.
Amino Acids

When such large, coordinated spectral characterization and links
are established, the molecular inventory at that point must
include what are considered to be the molecular origins of life,
amino acids. Amino acids have been directly observed in core
samples of meteors,92 and laboratory simulations of interstellar
ices form them routinely.93−98 In fact, the thermodynamic
product of interstellar ices with some molecular source of
nitrogen (often ammonia) and carbon (methanol) beyond
oxygen in water appears to be amino acids, but their gas phase
formation pathway is currently incomplete. This discrepancy
between their presence in solar system bodies from in situ
measurements99 and a lack of gas phase, remote observation
almost certainly points to shortcomings in the latter. Claims for
remote amino acid detections have already been given without
confirmation from the community100 while other searches have
turned up empty-handed,101 but several prebiotic precursors
have been observed directly102,103 including an isomer of
glycine104 giving reason to believe that amino acids should be
present and potentially observable in various astrophysical
regions.

The number of conformers for amino acids reduces the overall
signal for each of their possible IR or radio emission, but high
quality quantum chemical computations for conformer
energetics105 and new resolutions across multiple spectral
regimes should change how these are observed. Such
combinations will be most ideal with SKA/ngVLA/ALMA
interacting with LUVOIR (or HWO) after 2050, but this should
happen before that with ALMA and JWST. Hence, once the
models based on the presumed chemistry of known, less floppy
amino acid precursors show exactly where (astronomically and
chemically) amino acids should be found, they will be found. To
stake a claim in a prediction, a few amino acids (likely alanine,
serine, valine, and potentially proline) will be observed remotely
either within or beyond our solar system before 2050. More will
come later. Again, once the code is cracked, their detections will
become nearly commonplace and we will wonder why it ever
was so difficult to find them in the first place.

■ CONCLUSIONS
A significant number of DIBs explained, remote detection of
amino acids, ML and exascale computations employed. 2050
will have taken this current, 2020s second golden age of
astrochemistry and will earnestly fill in the biggest gaps in the
biggest questions of the chemistry of the ISM. However, just like
telescopic resolution, the “noise” limit will have been pushed
down, and new questions will arise. More complicated problems
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will crop up. Challenges that defy conventional chemistry
continue to confound us. Even so, these future questions that
cannot be fully contemplated today will be met with the
diligence and passion that astrochemistry creates in its
practitioners. Plus, the serendipity of addressing these difficulties
will spin off new technologies in currently unfathomable ways
much like buckyballs and carbon nanotubes originated with
astrochemical questions106−108 for instance. What those will be,
naturally, has yet to be determined. In any case, the answering of
difficult questions leads to novel solutions. Where those
solutions take us, makes the future even more exciting. As
such, the world will be a better place because some chemists
have their heads in interstellar clouds. The astrochemistry of
2050 will be recognizable compared to that today, but it will be
much more informed and deal with much more specific
questions than we do today in the 2020s. Such is the nature of
science, and 2050 is an exciting horizon for which astrochemists
should look forward.
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