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the Cosmic Synthesis of Prebiotic Molecules
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e Graduated from Wellesley College 1884

Likely discoverer of the still enigmatic spectral diffuse interstellar bands (DIB) (~ 1918)
Stellar classification: “OBAFGKM”

Classified 350,000 stars

Became a “special student” of astronomy at Radcliffe College (1894)

First woman to receive an honorary degree from Oxford (1925)
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Three Questions:

1. What is the difference between an electron and a photon?
2. Did electrons or a photons create life?

3. How do you create a little bit of heaven on earth?



Molecules Found in interstellar and
circumstellar clouds

HCN HCP HCsN HCGNH® | HC(O)OCH: (CHs),CO
HCO ccp HC,NC HC;CHO CH:COOH (CH20H);
HCO* AIOH HCOOH | NH.CHO CH CHsCH,CHO
HCS* H,0° ' H2CNH CsN H2Cs CH5CHCH,0
HOC® HaCl* H2C20 I-HC4H CHzOHCHO
H,0 KCN HaNCN I-HC4N J-HCeH HCsN
H:5 FeCN HMNC;3 c-H.G0 CH,CHCHO ? CHaCsH
HNC HO; SiH, H:CCNH? | CH.CCHCN C;HsOCHO
HNO TiO; H;COH™ CsN™ HzNCH,CN CHsOC(O)CH;
MgCN N CiH™ HNCHCN CHsCHNH 12 atoms
MgNC SiaC HC(O)CN 9 atoms c-CeHs
NaH* 4 atoms HNCNH CsH CHaCsH n-CaHsCN
N2O ¢-CsH CHsO CH2CHCN | CHsCH.CN i-CsH,CN
NaCN 1-CsH NH™ CHsCH (CH3):0 C;HsOCH; ?
0cs CsN H:NCO* ? HC:N CH3CH,OH
50, Cs0 NCCNH® | CHsCHO HCN Ceo

¢-SiC; CsS NH,CHs CsH Coo"

CO; C:H; Cs CsH c-C2HaO | CHsC(O)NH; Cro
. NH; CH,D" ? CaH I-H;C4 H,CCHOH CeH™

Cs H* HCCN CaSi CzHq CeH™ CsHs

C:H H.D*, HD** | HCNH' I-CaH; CHsCN CHsNCO | CHsCH,SH?
G0 SICN HNCO | ¢CsHa CHsNC HCsO CHsNHCHO ?
S AINC HNCS CH,CN CHsOH
CH; SINC HOCO" CHa CHsSH CH3GsN CHaCsN

http://astrochymist.org/astrochymist ism.html



http://astrochymist.org/astrochymist_ism.html

“Exotic” Molecules in the ISM

C=C

HCCCNH @

Cations

~

‘\‘\E C:H"
“;G : Radicals
c

H—’f H—({=Ct—C=C—C=C—C=C—C=N:
K ¢-CsH: j HCCCCCCCCCN

3-membered rings Carbon Chains

Source: Eric Herbst



An Example of a prebiotic molecule
found in the ISM

THE ASTROPHYSICAL JOURNAL LETTERS

DETECTION OF E-CYANOMETHANIMINE TOWARD
SAGITTARIUS B2(N) IN THE GREEN BANK TELESCOPE

PRIMOS SURVEY

Daniel P. Zaleski, Nathan A. Seifert!, Amanda L. Steber®, Matt T. Muckle, Ryan A. Loomis®,

. Oscar Martinez, Jr>*, Kyle N. Crabtree™*, Philip R. Jewell®, Jan M. Hollis®

bruary 13 « @ 2013, The American Astronomical Society. All rights reserved. CYANOMETHANIWNE

The Astrophysical Journal Letters, Volume 765, Number 1

Precursor of adenine, one of the four nucleobases of DNA



Cosmic Chemistry Cycle

Pre-stellar
core

ACCRETION DISK
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CREDIT: Bill Saxton, NRAO/AUI/NSF



Three Environments for Astrochemistry

1. Gas-Phase

lon-Molecule _Radical- Radical
Reaction Reaction

&>+Q->o:>+cm &"'c%

HCO* =~ "sNH, *NH, N,H,

No Actwatlon Energv : No Activation Energv

Neutral-Neutral
Reaction

(5. 000,

~ NH, NHECDUH

Relatively High Activation Ennt-:‘rg\,ir




Three Environments for Astrochemistry

2. Bare Dust Grain —

Mechanism

Langmuir-Hinshelwood
(LH) Mechanism

Not 3\113&

Thgl’ﬁ"‘

Eley-Rideal (ER
Mechanism

Grain Size: 0.1-1.0 pm



Three Environments for Astrochemistry
3. Ice Mantle

Ice Thickness:

Hydroxyl

I%dfcm {'GH:I o . 4 Methanol

Hydrogen (CH;0H)

Atom (H)

R Methane
Ammonia :, _H -". ' ' (CH,)
(NH;) .
~10K

Carbon Monoxide Carbon Dioxide (CO,)
(CO)




Molecular Composition of Interstellar Ices

B Low—-mass

B High-mass
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CO CO, CH,0H NH, CH, XCN




Interstellar synthesis of prebiotic molecules:
Widely Accepted Hypothesis

Gas-phase Photod G
- otogesorpton
ombardment < Molecular

formation

. Chemical
| processing

7 Ry

+ Phys. Chem. Chem. Phys., 2010,12, 5947-5969
DOI: 10.1039/B917005G




Five Mechanisms for Processing Interstellar Ices

Five Mechanisms for Processing Interstellar Ices

Thermal Ice Chemistry Accretion Atom Chemistry

Diffusion and
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Shock
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Our Claim

We have performed the first
direct comparison between
photochemistry and radiation
chemistry relevant to the
energetic processing of
interstellar ice analogs.




What is the difference between radiation
chemistry and photochemistry?



Radiation Chemistry

/Radiation chemistry is the “study of the A
chemical changes produced by the absorption
of radiation of sufficiently high energy to

\produce ionization.” Y

RADIATION CHEMISTRY INVOLVES IONIZATION.



Time Scale of Radiation Chemistry

incident

incident incident X-ray or
fast charged gamma-ray

neutron particle photon

Y

fast
electrons

W
recoil
protons

Physical Stage

radicals

N
chemical
changes

seconds
o biological
changes
(death or
Mutation)

Biological Stage




Distribution of lon-pairs and Excitations
in the Track of a Fast Electron in Water
Low Linear Energy Transfer (LET)

Spurs Primary

g
Short tracks ‘\ / Q@

Branch tracks




Excitations in the track of an alpha-
particle in water (High LET)

Clusters of ions

O and excited O O CI)

molecules

O O
NN KN YN XN XYY YN KON NN

r

"~ a-—particle

\ track

Alpha particles ~ 15 % of cosmic rays




Low vs. High LET Radiation
Chemistry of Water

Low LET:

H,0 —ANN» 02Be, ", 0062 H, 0.28 'OH, 0.047 H,, 0.073 H,0,,0.28 H,0"

High LET:

H0 ~AAA=0.044e, °, 0.028H,0.056 'OH, 0.11 H,, 0.11 H,0,,0.044 H,0"

SOURCE: George V. BUXTON



Flux of Cosmic Rays Reaching Earth

1 PARTICLE
“ PER SQUARE
METER PER SECOND

1 PARTICLE
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1 PARTICLE |
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July 12, 2018: First identification of a cosmic ray source: TXS 0506+056



Formation of Secondary Electrons in
Cosmic Ices and Dust Grains

secondary electron

cascade (0-20 eV) thin (~100 ML) ice
layers (10 K)

/N

cosmic ray
107-10%0 eV
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Importance of Low-Energy Electrons

Secondary Electron “Tail” ———
Dissociation Cross-Section

Dissociation Yield

1 MeV particle -
100,000 low-energy electrons

DEA Resonances lonization
and
Excitation
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Energy (eV)




Electron-induced Dissociation Mechanisms

Electron Impact > A" + B

Excitation % - Dipolar + -
AB + € Dissociation > A" + B
@ > AB + energy
Dissociative
Electron Attachment

Electron A+ B-

_ Attachment
AB + e
@ Associative Attachment

not possible
for photons

Autodetachment

AB- + energy

Electron Impact
lonization

Fragmentation *
AB** + 2e- A* + B




Electron-induced Dissociation Mechanisms

m= [ |ectrorn-impact ionization
wmm | ectrorn-impact exatation
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Breaking a 3.5 eV Bond with a O eV Electron

(a) ground electronic state of neutral molecule
(b} ground electronic state of anion
(c) excited state of anion

(d) Franck - Condon region

A ++B

dissociation limit
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Photon-Induced Dissociation
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Photochemistry

(Photochemistry involves “chemical processes
which occur from the electronically excited
_ state formed by photon absorption.”

~

— visible (1.8 eV — 3.1 eV)

—near-UV (3.1-4.1eV) no ionization;
only excitation

— far (deep)-UV (4.1 - 6.2 eV)

lonization AND

—vacuum-UV (6.2 -12.4 eV) } excitation



Photon-Induced Dissociation

Three Scenarios for Photon-Induced Dissociation

Potential Energy

Bound Upper State

A+B*
Dy
R Atomic
Excitation
Energy (B)

Internuclear Distance

Potential Energy

Unbound Upper State

B Excited State
B Ground State

Internuclear Distance

Potential Energy

Predissociation

A+B*

Atomic
Excitation
Energy (B)

v

Internuclear Distance




Reactions of a Photon-Excited Molecule

reaction PE[thWEI}’ name

A-B-C* — A-B* + C° bond cleavage (photolysis) into

free radicals

A—B-C*¥ - E+ F photoisomerization followed by
decomposition into stable
molecules

*+ RH — A-B—C—H + R*  H-abstraction from a neighboring
molecule

*+ D — A-B-C + D* photosensitization (energy
transfer of all kinds)

* 4+ D= A—B-C"+ D~ photosensitization (electron
transfer)

Photochemistry involves no production of secondary electrons.




Another Difference between
Photons and Electrons

X ¥ i T ¥

Photon-induced singlet to triplet transitions are nominally forbidden.



Condensed Phase lonization Energy

Electron
energy

IEcondensed < IE gas
phase phase

/ Most previous \

“photochemistry”
studies relevant to
astrochemistry
involve radiation
chemistry in addition

Qo photochemistry




VUV-emission spectrum of Microwave-
discharge hydrogen-flow lamps (MDHL)
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CREDIT: Gustavo Adolfo Cruz Diaz



UV light formation within dark, dense
molecular clouds

do

Cosmic Ray
107-10%° eV

icy interstellar dust grain



Formation of Secondary Electrons in
Cosmic Ices and Dust Grains

secondary electron

cascade (0-20 eV) thin (~100 ML) ice
layers (10 K)

/N

cosmic ray
107-10%0 eV
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Previous Comparisons of Photochemistry and
Radiation Chemistry Relevant to Astrochemistry

Ice Material Particle Photon | Technique | Conclusions
Radiation Energy

Hudson & N, 0.8 MeV 10.6 eV N3-radical produced
Moore protons by ions but not
(2002) photons

Gerakines H,0:CO,:CH,0OH, 0.8 MeV : Similar chemical

et al. H,0:CO,:CH, protons products are observed
(2001) in both cases

Gerakines HCN, 0.8 MeV 11.3eV  Mid-IR Photon-induced

et al. HCN:H,O:NH, protons dissociation led to

(2004) higher destruction
rates of HCN by a
factor of 4

Caro et CH,OH:NH, 620 MeV Zn%6* : Products formed
al. (2014) 19.6 MeV depend only weakly
Neb* on the type of
irradiation




Our Claim

We have performed the first
direct comparison between
photochemistry and radiation
chemistry relevant to the
energetic processing of
interstellar ice analogs.




How do you create a little bit of heaven on earth?
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UHV Chamber at Wellesley College




Inside of the UHV Chamber

i

;l'rF-‘




Infrared Reflectance Absorbance
Spectroscopy (IRAS): Experimental Setup




Experimental Procedures

HiglowkrEmgygy (2—10 eV)

El h
ectron/photon (1006t red entpdrtons

stimulated
desorption

20-200 A NH, ~
D(N-H) = 4.1 eV . .
IN"H)=d.1e %o ooﬁoﬂ

oow,@m) Tg@m&o

anaIyS|s

\\\\\\\\\ a’“...

P = 1x10~°torr T=90K



Mass Spec Signal

Isothermal Electron
Stimulated Desorption

Mass Spec Signal

Post-Irradiation Temperature
Programmed Desorption

Lﬁi"“

Temperature (K)

yerimental Procedur

= ® ® ® @ =8 @ =@
3 3 3 13 i i - - W
W@ B & ® B @ MR

Mass Spec Signal

Wavenumber (cm?)

4

Filament




Temperature-Programmed
Desorption (TPD)

MS signal=R = kN = A

exp(-Ea RT) /

Signal
Factors

Temp (T)



http://www.chem.qmul.ac.uk/surfaces/scc/scat5_6.htm

Tempature Programmed Desorption
How to Identify Desorption Peaks

-.-‘r".w.n_-.q'u"""-.u"""'lr

=" P T

Temp. (K)

Figures: http://www.chem.gmul.ac.uk/surfaces/scc/scat5 6.htm
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Extremely Bright < 8 eV Photon Source:
Laser-Driven Plasma: EQ 1500

Spectral Radiance of 30W D2, 75W Xe, EQ99 and EQ1500 - Log
1.0E+03 ¢
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—EQ99

—— Xe 75W Hamamatsu
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6 AYE ;

H H
N\I N/ \N:@:ﬁ H,N-"*" "> NH,
7N H.y'drazoic Acid . .triazane. .
AN
HN/_\NH Hz.l\!/ \NH
A\N H \H cyclotriazane
TN e o
Trans Cis
o_s Possible
v Radiolysis/Photolysis

\\ e // Products of Ammonia

N-2 Species
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Lower-Energy (< 6 eV) Photons:
No Photolysis Products

Film Thickness: 300 ML ND3

Photon Energy < 5.8 eV
Irradiation Time: 30 min

Jion-molecule
reaction in

4 mass spec

i e —

“m/z 52 % 50 (N,D,)

m/z 48 x 50 (N,D,’)
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n
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o
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m/z32 (N,D,)

| v 1 ¥ I ¥ 1 . |
100 150 200 250 300 350
Temperature (K)




Mean Free Path Calculation

for a 7 eV Photon

1
A=—
no
B 1
(number of molecules per cm3)(ph0t0n absorption cross section in cmz)
1

density in g/ cm3 (number of molecules) ( photon absorption )
molar mass in g/mole per mole cross section in cm?
1

3
(Ol.?zgr/rfgile ) (6.02 x 1023 /mole) (2 x 10~18¢cm?)

= (0.2 microns

Most, if not all, of the ice mantle surrounding dust grains

will be susceptible to photochemistry




Detection of Hydrazine and Diazene at
High Incident Electron Energies

©
c
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7p)
1)
]
Q.
(7p)
"
)
©
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m/z 36 (N,D,’)

nvz 34 (N,D,")

300 350 400 450 500
Temperature (K)




Low-energy electron- radical-radical reactions

induced radiolysis in
cosmic ices

He, *NH, N2Ha

radical formation

NH,*

excitation

NH,

low-energy

electrons
cosmic ray



Proposed Mechanisms of Hydrazine and
Diazene from Ammonia via Radiation Chemistry

Hydrazine (N,H,)

H H
: NHZ + NHZ > I_/\N—N/\H

Diazene (N,H,)

H H ]
NEN-+NNH > \W—i + H,
VA I




Products of High Energy Electrons
From Condensed Ammonia

Film Thickness: 300 ML ND3

| triazane Electron Energy: 1000 eV
/ Incident Current: 3.3 yA
Irradiation Time: 40 s

m/z 52 x 50 (N,D,)

cyclotriazane
or triazene

m/z 48 x 50 {N3D3*)
diazene
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200 250 300 350

Temperature (K)




Products of Low-Energy Photons
From Condensed Ammonia

| 2 | M | M

Film Thickness: 300 ML ND3
triazane (N,D;) Photon Energy < 7.4 eV

91 reaction in

1 mass spec

iy
S S

m/z 52 x 50 (N,D,)

cyclotriazane
or triazene (N,D,)

m/z 48 x 50 (N,D,")
hydrazine (N,D,)
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Energetics of Ammonia Photolysis

e |onization energy for gas phase ammonia: 10.1 eV
 Threshold for low-energy secondary electrons: 8.5 eV
e Absorption threshold photon energy: 6.2 eV

Our experiments were done at < 7.4 eV.

q\/lost previous “photochemistry” studies relevan?
to astrochemistry involve radiation chemistry in
.addition to photochemistry. y

Our experiments involve only photochemistry.



Energetics of Ammonia Photolysis
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. Condensed-Phase Photochemistry in the Absence of Radiation
. Chemistry

+ Ella Mullikin,” Pierce van Mulbregt,” Jeniffer Perea,” Muhammad Kasule,” Jean Huang,' Christina Buffo,
s Jyoti Campbell,’ Leshe Gates, HLan M. Cumberbatch,” Zoe Peeler,’ Hope Schneider,” Julia Lukens,
+ 51 Tong Bao, Rhoda Tano-Menka, Subha Baniya, Kendra Cui, Mayla Thompson, Aury Hay,

& ]_.Ll._'!.' “ﬁddup, Anna Caldwell-Overdier, Justine Hu.mg, Michael C. Boyer,” Mahesh Rajappan,

+ Geraldine Echebiri, and Chnstopher R Arumainayagam®

¢ Depastment of Chemistry, Wellesley College, Wellesley, Massachusetts 02481, United States
¢ "Dickinzon College, Carlisle, Pennsylvania 17013, United States

I aI'Ir:p.:l:i:l.'r.n':nl: of Physics, Clark University, Worcester, Massachusetts 01610, United States

11 "Center for Astrophysics, Harvard University, Cambridge, Massachosetts 02138, United States

ABSTRACT: We report postirradiation photochemistry
studies of condensed ammonia using photons of energies
below condensed ammonia's ionization threshold of ~9 V.
Hydrazine (M,H,), diavene (alo known as diimide and
diimine; M,H, ), triazane {X,H, ), and one or more somers aof
MN;H; are detected as photochemistry products during
temperature-programmed desorption. Product yields increase
monotonically with (1) photon fluence and (2} film thickness.
In the stadies reported herein, the energies of photons
responsible for preduct formation are constrained to less than
74 eV. Previous post-irradiation photochemistry studies of
condensed ammaonia employed photons sufficiently energetic
to ionize condensed ammonia and mitiate radiation chemistry.
Such stodies typically involve ion—meolecule reactions and electron-induced reactions in addition to photechemistry. Although
photochemistry is cited as a dominant mechanism for the synthesis of prebiotic molecules in interstellar ices, to the best of oar
knowledge, ours is one of the first astrochemically relevant studies that has found unambigeous evidence for condensed-phase
chemical synthesis induced by photons in the absence of ionmation.

Radca
radical

ﬁ:-.:' = PRl FRRRGNE .

KEYWORDS: astrochemistry, ammonia, inferstellar mediom, moniorizing, photons, ice




Role of low-energy electrons in the
synthesis of prebiotic molecules

CrossMark
THE JOURNAL OF CHEMICAL PHYSICS 148, 164702 (2018) @

Glycine formation in CO,:CH4:NH; ices induced by 0-70 eV electrons

Sasan Esmaili, Andrew D. Bass, Pierre Cloutier, Léon Sanche, and Michael A. Huels?
Dé partement de Mé dum( '\’ﬁu" ‘aire et Radiobiologie, Faculté de Médecine et des Sciences de la Santé,

NH ﬂ- b
HN-CH -CDDH -
H, . 00,

CH.® e /
- NH, ‘co, /

https://www.eurekalert.org/multimedia/pub/168851.php



( CHEMISTRY

W) Check for updates A general method for the inclusion of radiation
chemistry in astrochemical models

*2 and Eric Herbst™




December 2017: Identification of Methoxy methanol in the
ISM [~10 quadrillion miles away]

256700 256750 256800 256850
Frequency {MHz)

239300 239350 239400 238450 239500
Frequency (MHz)

301900 301975 302050 302175 302250 302225
240025 240075 240125 240B50 240900 240950 01900 301875 302050 302175 302250

Frequency (MHz) Frequency (MHz)

Black: Overall microwave spectrum of NGC 6334
Red: Simulated rotational spectrum of methoxymethanol
Green: Simulations of species that are major contributors to the overall spectrum

Brett A. McGuire et al 2017 ApJL 851 L46: James O. Chibueze et al 2014 ApJ 784 114



First Detection of
Methoxymethanol as a
Photolysis Product of
Condensed Methanol

O/\OH




Conclusions

 Photochemistry (excitation) vs. Radiation chemistry (excitation +
electron attachment + ionization)
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Conclusions

Photochemistry (excitation) vs. Radiation chemistry (excitation +
electron attachment + ionization)

Laboratory studies of interstellar ice analogs

First direct comparison between photochemistry and radiation
chemistry.

Low-energy (< 20 eV) electrons likely drive interstellar ice chemistry.

Need quantitative wavelength-dependent photochemistry studies of
ice analogs
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