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Astrochemistry astrō’kemǝstrē (n) 
The study of molecules in space: 
where they are, how they got there, 
and what they are doing.



Massachusetts

Technology
Institute of

THE COSMIC CHEMISTRY LIFECYCLE

3

Big 
Bang

H, He

First Stars 
Born

First Stars Die

‘Heavy’ Element Synthesis Stellar Nursery

New Stars

Planet Formation

Chemical Delivery

Life! (Awww)

Fiery Cataclysm

(Whomp whomp) 



Massachusetts

Technology
Institute of
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Known Interstellar Molecules
Created with ASTROMOL v2021.5.0
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A SERIES OF FORTUNATE EVENTS
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The Original Series 
(NRAO 140 ft)

TNG 
(GBT)
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ONCE UPON A TIME
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ONCE UPON A TIME
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Snyder’s 

Rules

v0.1

111 - 110 4830 MHz

Sgr A

Snyder et al. 1969 PRL 22, 679
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A TOAST!

10

Ball et al. 1970 ApJ 162, L203

834.301 MHz

110 - 111
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EXTRA, EXTRA! READ ALL ABOUT IT!
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EXTRA, EXTRA! READ ALL ABOUT IT!
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A NEW SCIENCE IS BORN!
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-Isaac Asimov
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A RECIPE FOR LIFE?
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Rubin et al. 1971 ApJ 169, L39

F = 1-1

F = 3-3

F = 2-2

4620 MHz211 - 212
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GLOBAL HEADLINES!
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OK, WHO LET THE WEIRDO IN?
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Broten et al. 1978 ApJ 223, L105

10458 MHz

Algonquin 46m

14526 MHz

NRAO 140ft
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LIVING LARGE!
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A CARBON REVOLUTION
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Kroto et al. 1985 Nature 318, 162

Heath et al. 1987 JACS 109, 359
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BUCKY MAKES A SPLASH!
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Kroto et al. 1985 Nature 318, 162

Heath et al. 1987 JACS 109, 359
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A SPECTROSCOPIC MYSTERY
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Campbell et al. 2015 Nature 523, 322

Mary Lea Heger
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A SERIES OF FORTUNATE EVENTS
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The Original Series 
(NRAO 140 ft)

TNG 
(GBT)
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A SINGLE (UN)FORTUNATE EVENT

22



Massachusetts

Technology
Institute of
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A PATH FORWARD … EVENTUALLY

24



Massachusetts

Technology
Institute of

PLAYER 2 HAS ENTERED THE CHAT
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Hollis et al. 2004 ApJ 610, L21

18.2 GHz 26.1 GHz

Chocolate

Caramel
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propenal

2006 - 2007: A MOLECULAR FIRESALE

26

propanal

cyanoallene

methylcyanodiacetylene

cyclopropenone

ketenimine

methyltriacetylene

acetamide

cyanoformaldehyde

Lovas et al. 2006 ApJ 637, L37

Snyder et al. 2006 ApJ 647, 412


Hollis et al. 2004 ApJ 610, L21

Hollis et al. 2006 ApJ 642, 933

Lovas et al. 2006 ApJ 645, L137


Remijan et al. 2006 ApJ 643, L37
Hollis et al 2006 ApJ 643, L25


Remijan et al. 2008 ApJ 675, L85
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A FEW NEGATIVES …
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McCarthy et al. 2006 ApJ 652, L141
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DREAMING BIG

28



Massachusetts

Technology
Institute of

WHERE WINGS TAKE DREAM
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carbodiimide

Loomis et al. 2013 ApJL 765, L9

Zaleski et al. 2013 ApJL 765, L10


McGuire et al. 2012 ApJL 758, L33

E-cyanomethanimine

ethanimine

propylene oxide

Gupta et al. 2013 ApJ 778, L1

Neill et al. 2012 ApJ 755, 153


McGuire & Carroll et al. 2016 Science 352, 1449

trans-methyl formate protonated isocyanic acid
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A CHIRAL MOLECULE
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Propylene Oxide
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THE SAME, BUT DIFFERENT
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THE SAME, BUT DIFFERENT
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Chirality
kaɪˈrælɪti
χειρ (kheir) - ‘hand’
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THE SAME, BUT DIFFERENT
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Br

F

Cl

H

C

= out of the plane = into the plane
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THE SAME, BUT DIFFERENT
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= out of the plane = into the plane
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BUT DIFFERENT
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Carvone

Spearmint
Caraway
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AND IN BIOLOGY …
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alanine serine

lysine

tryptophan

Homochirality
All life on Earth uses only a 
single enantiomer of amino 
acids, sugars, and other 
biomolecules
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IN SEARCH OF A CHIRAL MOLECULE
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          Parkes

       Telescope

Green Bank 

       Telescope

McGuire & Carroll et al. 2016 Science 352, 1449



TMC-1

~1 in 3 molecules is 
detected for the first 

time in space in TMC-1.
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GBT OBSERVATIONS OF TMC-1: HUNTING AROMATIC MOLECULES
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Logo by M. Hoffman

Actual  
C6H5CN Data!
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GOTHAM: PLEASE USE OUR DATA!
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McGuire et al. 2020 ApJL 900, L10

X-Band

Ku-Band

K-Band
Ka-Band

Publicly Available
NOW! SoonTM
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GOTHAM: NEW MOLECULES
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HC4NC 
Xue et al. 2020 ApJL 900, L9

HC5O 
McGuire et al. 2017 ApJL 843, L28

HC7O 
McGuire et al. 2017 ApJL 843, L28 
Cordiner et al. 2017 ApJ 850, 187

Propargyl Cyanide 
McGuire et al. 2020 ApJL 900, L10

Cyanovinylacetylene 
Lee et al. 2021 ApJL 908, L11

Vinylcyanoacetylene 
Lee et al. 2021 ApJL 908, L11

Cyanoacetyleneallene 
Shingledecker et al. 2021 A&AL, 652, L12

HC11N 
Loomis et al. 2021 Nat. Ast. 5, 188

1-cyano-1,3-cyclopentadiene 
McCarthy et al. 2021 Nat. Ast. 5, 176

2-cyano-1,3-cyclopentadiene 
Lee et al. 2021 ApJL 910, L2

Benzonitrile 
McGuire et al. 2018 Science 359, 202

1-cyanonaphthalene 
McGuire et al. 2021 Science 371, 1265

2-cyanonaphthalene 
McGuire et al. 2021 Science 371, 1265 Indene 

Burkhardt et al. 2021 ApJL 913, L18

CH3C7N 
Siebert et al. 2022 ApJ 942, 221
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Benzonitrile 
McGuire et al. 2018 Science 359, 202

1-cyanonaphthalene 
McGuire et al. 2021 Science 371, 1265
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Burkhardt et al. 2021 ApJL 913, L18

Vinylcyanoacetylene 
Lee et al. 2021 ApJL 908, L11
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Siebert et al. 2022 ApJ 942, 221
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GOTHAM: NEW MOLECULES
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1-cyanonaphthalene 
McGuire et al. 2021 Science 371, 1265

2-cyanonaphthalene 
McGuire et al. 2021 Science 371, 1265

Indene 
Burkhardt et al. 2021 ApJL 913, L18 2-cyanoindene 

Sita & Changala et al. 2022 ApJ, accepted
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WHAT A USELESS STAR
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 The analysis staff additionally contains scientists from a 
number of different establishments, together with the

The researchers then used the  
Inexperienced Financial Institution Telescope

Within the place the place we 
discovered them, there is no such thing 

as a star, so both they’re being 
constructed up in place or they’re the 

leftovers of a useless star  
- Brett (Apparently)

College of Virginia
Nationwide Radio Astronomy Observatory
NASA’s Goddard House Flight Middle.

(Space)

(Bank)

(Center)

(Green)
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WHAT NEXT?
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Science Scales Linearly With Bandwidth

Broadband capabilities at 

high spectral resolution turn 


Large Programs into small proposals
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JUST THE BEST
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MCGUIRELAB.MIT.EDU • BRETTMC@MIT.EDU • @ASTROCHEMBRETT 
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McGuire Group
Alex Byrne

Zach Fried


Hannah Shay

Dr. Gabi Wenzel (Soon!)


Dr. Ci Xue


