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Astrophysical Ices

Observation of ices in the ISM & comets

Species | RAFGL | NGC 7538 | W33Ac¢ | Elias 16¢ | Comets®
700952 IRS9°
H,O 100 100 100 100 100
CO 15 12 8 25 5-30
CO, 21 15 13 18 3-20
CH,OH 30 4-12 18 <3 0.3-5
CH, 3.6 2 0.4 — 1
NH, — 134 15 <9 0.1-1.8
OCN- 3.7 2 3.5 <0.5 —

(a) d’Hendecourt et al. (1996)
(b) Whittet et al. (1996)

(c) Gibb et al. (2000)
(d) Lacy et al. (1998)
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Photoprocesses on Grains

(Greenberg Model)
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Delivery of Organics to the Earth
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Asteroids

Seen by ROSETTA (ESA)



o

b A

, seen and visite}d'by Hayabusa (JAXA

&




Interplanetary Dust Particles (IDPs)

U2012C-11
1.8 g/ce
19 km/s




Ingredients to Make Life

e

QUICK & EASY DIRECTIONS

S ==

PROFESSOR STANLEY'S ® 2-STEP

WARM WATER UNDER REDUCING (HYDROGEN - , EARTHY PLANET SANDWICH
| RICH) ATMOSPHERE ON THE SURFACE OF A COOK TIME: 15MILLION YEARS
| TERRESTRIAL PLANET. SPARK WITH LIGHTNING. e .
| COLLECT ORGANIC MOLECULES OVER MANY {
' YEARS, SERVE WHEN ORGANISMS ARISE ® o 1= ; O .

| PROMPTLY REFRIGERATE ANY UNUSEDAMINO ACIDS
| IN A SEPARATE CONTAINER.

RECOMMEND USE BEFORE HYDROLYSIS,

STORE UNOPENED CAN AT ROOM TEMPERATURE.
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Experimental Set-up & Protocol

Vacuum chamber
H, UV lamp

Cryocooler

Bulb containing the
gas mixtures

Pressure in the
chamber (torr)




UV photon energy: Lyman a (121.6 nm) + H, transitions (~150-170 nm)



Experimental Set-up & Protocol

Horse Head Nebula (Orion



Experimental Set-up & Protocol




UV Irradiation of Ices — IR Spectroscopy
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CH;OH:NH; = 1:1 mixture, 46-hr UV irradiation @ 80 K
~107 years of irradiation in dense astrophysical environments



Position Position | Identification of produced bands
(cm™) (Um)

3600-3000 |3.33-3.78 | Alcohols, amines, carboxylic acids (OH, NH)
3010-2815 | 3.32-3.55 | Carbon chains (alkanes) (CH,, CH,)
~2880 ~3.47 H,CO (CH, str.)

2342 4.27 CO, (C=0 str.)

~2260 ~4.42 HNCO*

~2165 ~4.62 OCN- (C=N str.)

2135 4.68 CO (C=0 str.)

~1850 ~5.41 HCO**

~1720 ~5.81 H,CO (C=0 str.)

~1695 ~5.90 NH,CHO (C=0 str.)**

~1387 ~7.21 NH,CHO**

~1305 ~7.66

~1245 ~8.03 H,CO (CH, rock.)

*HNCO and HCO-* : no detection in ISM in the solid phase  **NH,CHO : tentatively detected




lon Current (A)

Warm up to Room Temperature
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Residues — IR Microscope Images

Nuevo (2012)



Residues — IR Microscope Images

H,O:CO,:NH; = 1:1:1 mixture

Chen et al. (2008)



Residues — Mass Spectrometry

Organic residues produced from the UV irradiation of ice mixtures
consisting of H,O, CH,OH, CO, CO,, NH,, etc., analyzed with laser-
desorption mass spectrometry

Laser Desorption Mass Spectra of a Photolyzed
Interstellar Ice Analog
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Dworkin et al. (2004)

Every peak in this mass spectrum is potentially one new molecule!



Residues — IR Spectroscopy
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Position Position |dentification of bands

(cm”) (um)

3600-3000 |3.33-3.78 |Alcohols, amines, carb. acids (OH, NH)
2950-2850 |3.39-3.51 |Carbon chains (alkanes) (CH,, CH,)
~2935 ~3.41 HMT? (2v,qg, Vo+V4g)

~2875 ~3.48 HMT?2 (CH, v4g), NH,*©? (N-H, 2v,)
~2160 ~4.63 Nitriles, isonitriles (C=N str.) (?)
1745-1730 |5.73-5.78 |Esters (C=0 str.)

1685-1665 |5.93-6.01 |Ketones, amides (C=0 str.)
1600-1580 |6.25-6.33 |Carboxylates (salts) COO-
1470-1455 |6.80-6.87 |[NH,*?(v,)

~1380 ~7.25 HMT2 (CH, C—N v,,)

~1235 ~8.10

~1090 ~9.17 Carboxylates (salts) COO-

~1005 ~9.95 HMT2 (C—-N v,,)

(a) Bernstein et al. (1995) ; (b) Wagner & Hornig (1950)
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Residues — XANES Spectroscopy

X-ray Absorption Near-Edge Structure (XANES) 390-eV images of 4 residues produced
from the UV irradiation of 4 different starting ice mixtures.
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Residues — XANES Spectroscopy

Full-range C-, N-, and O-XANES 1s spectra of the M1, M2,

, and M4 residues
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Residues — XANES Spectroscopy

M1 H,0:CH;0H:CO:NH; = 100:50:1:1
M2 H,0:CH;OH:CO = 100:50:1 M4 H,0:CH;OH:CO:NH;:C,Hg = 100:50:1:1:1

0,0
280 282 284 286 288 290 292 284 296 298 300
Energy (eV)

285.1 eV CH, (aromatic)
285.8 eV C=C

286.6 eV C=N or C=C-C=0
287.4 eV CH, (aliphatic)
288.7 eV O—C=0 (carboxyl)

Nuevo et al. (2011)
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412 414 528 530 532 534 536 538 540 542 544

Energy (eV)

396 398 400 402 404 406 408 410
Energy (eV)

399.3 eV C=N 531.3 eV C=0 (ketone)
398.8 eV C=N (?) 532.2 eV O-C=0 (carboxyl)

401.7 eV CONH (amide)

Elemental composition:  N/C 0.11-0.28
O/C 0.43-0.61

= ~2 times larger than Stardust particles



Relative emission

Formation of Complex Organics

High-performance liquid Gas chromatography —
chromatography (HPLC) mass spectrometry (GC-MS)
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Retention time (min) Time (min)
(H,O:CH;0OH:NH;:HCN = 20:2:1:1) (H,O:CH;0OH:NH,;:CO:CO, = 2:1:1:1:1)
Bernstein et al. (2002a) Munoz Caro et al. (2002)

Several amino acids detected in organic residues produced from the UV
irradiation of different starting ice mixtures with different techniques.



Formation of Complex Organics

Starting with ice mixtures containing H,O
+ carbon source(s) [CH;0H, CO, CO,, CH,, and/or HCN]
+ nitrogen source(s) [NH;, N,, and/or HCN]
+ UV photo-irradiation at low temperature

Amino acids Amphiphilic compounds

Bernstein et al. (2002a)
Munoz Caro et al. (2002) .
Nuevo et al. (2008) Dworkin et al. (2001)



Formation of Complex Organics

Starting with ice mixtures containing H,O
+ aromatic compounds [PAHs or N-heterocycles]
+ H,, CH;0OH, CO,, CH,, NH;, HCN, etc.
+ UV photo-irradiation at low temperature

Functionalized PAHs Nucleobases
Pyrimidine
X
.- . H [Pyl-CHy < (\N *NH2  py)NK,
O‘o oxidant . H N/
OO s | L OH 0 +OH
" H - | co, E +OH NH,
g v H w g e +20H Q
H + NHQ N
, [Py]-OH | /g
NHe l | e @ +CHy NT S0
hv NH, hv CH, +OH +OH H
Cytosine
CH;O0H | ‘ HCN a . &
e o—cu, hy N N o o
B I (2002b \ﬁLNH o W
ernstein et al. (2002b,c
(2002b,c) o o
Thymine Uracil

Nuevo et al. (2009, 2012, 2014)
Materese et al. (2013)
Sandford et al. (2014)



Sugars: Background & Motivation

« Laboratory experiments have shown that the photochemistry of
simple ices (H,O, CH,;0OH, CO, CO,, CH,, NH,, etc.) leads to the
formation of amino acids, amphiphilic molecules, and nucleobases
[e.g., Bernstein et al. 2002; Munoz Caro et al. 2002, Dworkin et al.
2004, Nuevo et al. 2008, 2009, 2012, 2014, Materese et al. 2013].



Sugars: Background & Motivation

Carbonaceous meteorites contain a large
variety of organic compounds, which
include amino acids, amphiphilic
molecules, nucleobases, sugars, and
sugar derivatives [e.g., Cronin & Pizzarello
1997, 1999; Cooper et al. 2001, Dworkin
et al. 2001, Callahan et al. 2011].




Sugars: Background & Motivation

Sugar-related compounds in Murchison and Murray

3C

4G

5C

6C

Sugar

Dicarboxylic

Sugars Al Sugar Acids e Deoxy Sugar Acids
CH,0H CH,0H CO,H
C=0 H—C—OH H—C—OH
CH,0H CH,0H CH,OH
Dihydroxyacetone Glycerol Glyceric acid
160 nmol/g (100%) 80 nmol/g
CH,OH CO.H COH CO.H COH CO,H
H— C—OH H—C—OH H—C—OH CO,H H—C—OH H—C—0H H—GC—H
— H—C—OH H—C—OH HO—C—H H,C—C—OH H—C—H H—C—O0H H—C—OH
CH,OH CH,OH COH CH,0H CH,OH CHg CH,OH
Erythritol & Threitol ~ Erythronic & Threonic Tartaric & 2-Methyl glyceric acid 2, 4 Dihydroxy 2, 3 Dihydroxy butyric 3, 4 Dihydroxy
(1%) acid (4nmol/g) Mesotartaric acid butyric acid acid (& diastereomer) butyric acid
CH,0H CO,H CO,H CO,H
H—C—OH H—C—OH H—C—O0OH H—C—H
H— C—0OH H—C—0OH HO—C—H H—C—OH
H—C—OH H—C—OH H—C—OH H—C—OH
CH,OH CH,OH COH CH,0OH
Ribitol & Isomers Ribonic acid 2, 3, 4-Trihydroxy 2-Deoxypentonic acids
& Isomers Pentanedioic acid
CH,OH COH CO,H CO.H CO,H
H— C—0OH H—C—OH H—C—OH H—C—H H—C—OH
HO—C—H HO—C—H HO—C—H H—C—OH H—C—H
* H— C—OH H—C—OH H—C—OH H—C—OH H—C—OH
H— C—0OH H—C—OH H—C—OH H— C—0OH H—C—OH
CH,OH CH,0OH CO,H CH,OH CH,OH
Glucitol & Isomers Gluconic acid Glucaric acid 2-Deoxyhexonic acids 3-Deoxyhexonic acid
& Isomers & Isomers

Cooper et al. (2001)




Sugars: Background & Motivation

« But no systematic search for sugars and related compounds has
been reported before this one. Now other people are also searching
for the same compounds in residues [de Marcellus et al. 2015;

Meinert et al. 2016].



Why is it complicated to search for
sugar derivatives?
 There are a LOT of possible compounds among all

sugars, sugar acids, and sugar alcohols, not to mention
dicarboxylic sugar acids, deoxy sugar derivatives, etc.



Sugars (Aldoses

CHO

3 C atoms H—%—OH

CH,0OH
D-Glyceraldehyde

/\

CHO CHO
4 C atoms HO—C—H H—C—OH
H—C——0H H—C—O0H
CH,OH CH,0H
D-Threose D-Erythrose
CHO GHO CHO CHO
HO—C—H H—C——O0H HO*l*H H—C——OH
5 C atoms HO—C—H HO—C—H H—<|:—0H H——C——O0H
H—C—OH H—C—OH H—c|:—OH H—C—O0H
CH,0H CH,O0H lHQOH CH,0H
D-Lyxose D-Xylose D-Arabinose D-Ribose

6 C atoms

CHO CHO

CHO CHO CHO CHO

CHO CHO

HO—C—H H—C—O0H HO—C—H H—C—0H HO—C——H H—C—0H HO—C—H H—C—0H

HO—C——H HO—C——H H—C—0OH H—C—0H HO—C——H HO—C—H H—C—0H H—C—O0H

HO—C—H HO—C—H HO—C—H HO—C—H

H—C—0H H—C—0H H—C—O0H H—C—0H

CH,OH CH,OH CH»OH

D-Talose D-Galactose D-ldose D-Gulose

H—C—0H H—C—0H H—C—0H H—C—O0H

H—C—O0H H—C—0H H—C—O0H H—C—OH
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Sugars Acids & Sugar Alcohols
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Why is it complicated to search for
sugar derivatives?

« Sugars and (most of) sugar derivatives are chiral
molecules, so each of them exists in two enantiomeric
forms (D and L).



Why is it complicated to search for
sugar derivatives?

« Each >C, sugar (and some sugar acids) can either be in
a linear or a cyclic configuration.

« For C; and Cg4 sugars (aldoses), cyclic forms include
furanose and pyranose forms, and each of these forms
has two anomeric conformations (a and ).
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sugar derivatives?
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Experimental Set-up & Protocol

Mix H,O/CH;OH vapors in a bulb to prepare
H,0O:CH;0OH gas mixtures with different relative
proportions (5:1 and 2:1).

Deposit mixtures onto cold substrate (Al foil, ~10 K)
and low pressure (~2x108 torr), and simultaneously
irradiate with H, lamp for 18-20 h.

After irradiation, warm up to RT and recover the foil
with the residue, dissolve it in a solvent (liquid
H,O/other).

Analyze with GC-MS (BSTFA derivatization).



GC-MS Analysis

» Use of non-chiral GC column, so D and L
enantiomers cannot be separated (good!), but
still 8—10 peaks for each standard!



GC-MS Analysis
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GC-MS Analysis

« Add pyridine to standards (and samples) to
decrease the number of peaks to 1-2 main
peaks for each compound.



GC-MS Analysis
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GC-MS Analysis

* Identifications rely on comparison of both
retention times and mass spectra of commercial
standards, however...



GC-MS Analysis
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GC-MS Analysis
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GC-MS Analysis
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GC-MS Analysis
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D-Threose
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Intensity (x10%

Results
H,O:CH,OH = 2:1 + UV
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Intensity (x10°)
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Results
H,O:CH,OH = 2:1 + UV
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Glyceraldehyde

. Results
H,O:CH,OH = 2:1 + UV

HO” > “H

OH Sugars |+

I o5t Sugar acids -

Dihydroxyacetone

O 61
HO\)k/OH 2

>, .
- N 3
2 0oL N 7 5
Q@ 1 (
£t li
OI1QJM\J\\MMM \w\ \‘w |
0.0 F il
] | ] ] L | ] ] L | ] ] L ] ] ] ]
11 12 13 14 15 16 17 18 19 20

Retention time (min)

Nuevo et al. (submitted)



Intensity (x10")

16

12

10

15.4

Results

14

:/\Erythrose (/133)

i Sugars |

3 / \ -
Sample .

e e,

/k/\ Threose (/24)

M

15.6

15.8 16.0 16.2
Retention time (min)

Nuevo et al. (submitted)

16.4



Intensity (x10°)

Results

5.5 ' T ' T ' T ' T

[ T T T ] 30F T T T T T T T T T T T N
50 147 Peak 3 1 . Peak 4 |
45 | -

[ ] 23 217 .
4.0 | 191 217 - I 191
35 _— Sample pegk_' 20| _

L @ 15.7Z min { o~ i 203 Sample peak |
30T ] 2 M @ 16.07 min
25 OH O ] &£ 15 "

I 1 2> | OH o |
20 HO\/\.)LH n g HO\_/'\)J\
15 '_ 6H _' _.q_‘_) 1.0 ; H
10| ] & OH

L ; 05 F -
0.5+ i
0.0 I m MO Jt A ‘L " Thiepse {od) - o T ‘\ “ ~ Erythrose (/1300)
_05 i L | L | L | L l L | L ] . 1 | 1 | L | 1 | L | I
50 100 150 200 250 300 350 50 100 150 200 250 300 350
miz (Da) miz (Da)

Nuevo et al. (submitted)



Results

0.6 . 1 T 1 T 1 T T — 1
Sugars +

Rl Sugar acids

0.4 | i
— ol |l
i 03 | 2
> 3
C 02 5

0.0 — _

11 | 1I2 | 1I3 | 1I4 | 1I5 | 1I6 | 1I7 | 1I8 | 1I9 |

Retention time (min)

Nuevo et al. (submitted)

20



Results

18 — 1 r 1 r 1 rr T T T T T© T T 1

16 | 2 Sugar acids _
al (SIC 292 Da) |
12| i

—_—
o
T T T

Intensity (x10°)
(00)
]
|

1 12 13 14 15 16 17 18 19 20
Retention time (min)

Nuevo et al. (submitted)



Intensity (x10°

Results

3.5

3.0 |

N
o

15 |
1.0 -

0.5

0.0

2 Sugar acids
(SIC 292 Da)

L Glyceric acid (/2220) |

13.5

14.0

145 15.0 15.5
Retention time (min)

Nuevo et al. (submitted)



Results

7 , , .
. Peak 2
147
> 189 i
. 292
=anal 205 Sample peak__
x bl ' @ 14.16 min
b 3 LA A .
g 0
Q
=

++2():(;++3C)++:= 22TI'+ LJ\/

. L Glyceric acid (/190)

100

200 300
m/z (Da)

Nuevo et al. (submitted)

400 500



Results

H,O:CH,OH = 2:1 + UV
18 — 1 r 1 r 1 rr 1 r T T 1 r T Tr 71 T
16 L 2 Sugar acids |
al (SIC 292 Da) -
12l i

—_—
o

T T T
1

Intensity (x10°)
(00)
]
|

1 12 13 14 15 16 17 18 19 20
Retention time (min)

Nuevo et al. (submitted)



Intensity (x10°)

Results
HZO CHSOH 2:1 + UV

| Erythronic acid (/10500) /L i
N

Sugar aC|ds (SIC 292 Da)
6

5

Sampb:

" Threonic acid (/10900) L

18.4

! | ] | !
186 188 190 192 194 196 1938
Retention time (min)

Nuevo et al. (submitted)



Intensity (x10°)

8
7 Sugar acids (SIC 292 Da)
) 5
6 | 6
W Sample
5 1
4l -
5 | Erythronic acid (/10500) K :
<>
T (Linear) (Cyclic) -
T -
0 [ Threonic acid (/10900) ]
-1 - - | . | . ; . | | | | | -

Results
HZO CHSOH 2:1 + UV

184 186 188 190 192 194 196 198
Retention time (min)

Nuevo et al. (submitted)



Intensity (x10%

Results

16 |-

14 |

=
o
T

12 -

=

147

iy

220

205

JLM A

292

@ 18.74 min -

Erythronic acid (/650) 1

Peak 5 |

Sample peak

50

100 150

200 250

300

m/z (Da)

350

400 450 500

Intensity (x10%

20 |-

X
(8]

—
o
T

(8)]
T

147 Peak 6 _

292

Sample peak
@ 19.54 min |

L

A M . Threonic acid (/2060)

50

100 150 200 250 300 350 400 450 500

Nuevo et al. (submitted)

m/z (Da)



Intensity (x10%

Results

16 |-

14 |

=
o
T

12 -

=

147

Lo

292

220

205

i

@ 18.74 min -

Erythronic acid (/650) 1

Peak 5 |

20 |-

X
(8]

Sample peak

Intensity (x10%
3
T

O
L

(8]
T

50

100

150

200

250 300
m/z (Da)

350

T

A M . Threonic acid (/2060)

Peak 6 |
292

Sample peak
@ 19.54 min |

400 450 500 50 100

Nuevo et al. (submitted)

150

200

250 300 350 400 450 500
m/z (Da)



Intensity (x10%

Results

16 +

14 |

=
o
T

12 -

=

147

Lo

292

220

205

i

@ 18.74 min -

Erythronic acid (/650) 1

Peak 5 |

20 |-

Sample peak

Intensity (x10%
3
T

O
L

(8]
T

50

100

150

200

250 300
m/z (Da)

350

§§£;

o bl

292

Threonic acid (/2060)

Peak 6 |

Sample peak
@ 19.54 min |

400 450 500 50 100

Nuevo et al. (submitted)

150

200

250 300
m/z (Da)

350

400 450 500



Sugar
alcohols

Results

Compounds Relative a_lbundance Relative abt_mdance
(Residues) (Meteorites)
Glycerol (C,) 100 100
Erythritol + threitol (C,) 1.4-6.6 1
Ribitol + arabitol + xylitol (Cs) 0.1-1.3 (Not reported)
Dihydroxyacetone (C,) 0-14.8 (Not reported)
Threose + erythrose (C,) 0.4-6.5 (Not detected)
Glyceric acid (Cy) 0.1-0.7 50
Erythronic + threonic acids (C,) 0.1-0.9 2.5

Nuevo et al. (submitted)




Sugar
alcohols

Results

~190 nmol
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P (Residues) (Meteorites)
Glycerol (C,) 100 100
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Glyceric acid (Cy) 0.1-0.7 50
Erythronic + threonic acids (C,) 0.1-0.9 2.5
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Sugar
alcohols

RGSUltS ~160 nmol/g
~190 nmol
N

Compbounds \ Relative abundance | Relative apundance

P (Residues) (Meteorites)
Glycerol (C,) 100 (1%)3
Erythritol + threitol (C,) 1.4—6.6 1
Ribitol + arabitol + xylitol (Cs) 0.1-1.3 (Not reported)
Dihydroxyacetone (C,) 0-14.8 (Not reported)
Threose + erythrose (C,) 0.4-6.5 (Not detected)
Glyceric acid (Cy) 0.1-0.7 50
Erythronic + threonic acids (C,) 0.1-0.9 2.5

Nuevo et al. (submitted)
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Sugars!

ASTROCHEMISTRY

Ribose and related sugars from ultraviolet
irradiation of interstellar ice analogs

Comecha Meinert,™ Eliia M 4 Pierre de Marcdhs,” Thomas Buhee *
Lanrent Mahon,* Saren V. Hoffmanm, Lowis Le Sergeant FHendemuort,” Uwe J. Meietensidh™

[Pibea s the cenbral modkecular sulbunit in RMA, but the prebiotic arigin of ribose remains unknoswn.
Wi observed the forma tion of substantial guantities of ribose and a diversity of structurally rels ted
sargar molecules suchasarabinose, xylase, and hnoose in the roam-temperatureonganic mesidues of
photo-processed interstellar ice analogs initially composed of Hz0, CHOH, and NHy. Our nesults
sangmest et the genem tion of numenos sugsr molecules, inc biding e aldopenbose ribose, may
b possible fram ical and thermal trestment of cosmic ices inthe labe stages of the
solar nebula. Our detection of ribose provides plasibhe insghts into e ¢ hemical oceses that
would lead to formation of biokgically relevant molscules insuitable plae by envicnments.
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Sugars!!
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Fig. 2. Multidimensional gas chromatogram showing ribose and other monosaccharides in the organic residue from an evolved precometary ice
analog. See also fig. 51 and movie 51 (7). The atomic mass units 206 and 294 were selected for the muttidimensional chromatographic epresentstion. o- and
Lenantiomers of the monosaccharides wemre not resolved.



Summary

UV irradiation of H,O:CH;OH ice mixtures leads to the
formation of sugar alcohols, sugars, and sugar acids.

Suggests a pathway in which sugar alcohols are formed
first (from methanol/formaldehyde?), then sugars, then
sugar acids (increasing oxidation products).

This distribution is different from Murchison and Murray
(no sugars except dihydroxyacetone).

Many other GC-MS peaks are consistent with the
presence of other sugar-like compounds [NIST library],
including unidentified deoxy versions of sugars and
sugar derivatives, carboxylic acids/diacids, and ketones
with several OH groups.



Sugar-related compounds in meteorites

3C

4C

5C

6C

Sugar

Dicarboxylic

Sugars Alcohols Sugar Acids Sugar Acids Deoxy Sugar Acids
CH,OH CH,OH CO,H
(.|1=O H—C—OH H— C—OH
CH,OH CH,OH CH,OH
Dihydroxyacetone Glycerol Glyceric acid
160 nmol/g (100%) 80 nmol/g
CH,OH CO.H COH CO,H COH COH
H—C—OH H— C—OH H— C—OH CO,H H— C—OH H— C—OH H—(!?—H
— H—C—OH H— C—OH HO—C—H H;C—C—OH H—C—H H— C—OH H—(!?—OH
(!THQOH (|3H20H (!':OQH CH,OH (!“,HQOH (!TH3 (|3H20H
Erythritol & Threitol ~ Erythronic & Threonic Tartaric & 2-Methyl glyceric acid 2, 4 Dihydroxy 2, 3 Dihydroxy butyric 3, 4 Dihydroxy
(1%) acid (4nmol/g) Mesotartaric acid butyric acid acid (& diastereomer) butyric acid
CH,OH CO,H CO,H CO,H
H—C—OH H—C—OH H— C—OCH H—C—H
H—(lJ—OH H—(!‘,—OH HO—(!.}—H H—(l.:—OH
H—C—OH H— C—OH H— C—OH H—C—OCH
CH,OH CH,OH COH CH,OH
Ribitol & Isomers Ribonic acid 2, 3, 4-Trihydroxy 2-Deoxypentonic acids
& Isomers Pentanedioic acid
CH,OH CO,H CO,H CO,H CO,H
H—C—OH H—C—CH H—C—OH H—C—H H—C—0OH
HO—(lJ—H HO—(!.:—H HO—(IJ—H H—l!:—OH H—(|3—H
* H—C—OH H—C—CH H—C—OH H— C—OH H—C—OH
H—C—OH H—C—CH H—C—OH H— C—OH H—C—CH
CH,OH CH,0H COH CH,OH CH,0OH
Glucitol & Isomers Gluconic acid Glucaric acid 2-Deoxyhexonic acids 3-Deoxyhexonic acid
& Isomers & Isomers

Cooper et al. (2001)




Work in Progress

« Use of *C-labeled methanol (3CH;OH) shows that
all photoproducts seen are made in the experiment
and are not due to any biological contamination.

« Add CO, as a carbon source in the starting ice
mixtures: UV irradiation of H,O:CO, and
H,0:CH;0H:CO, ices leads to the formation of more
sugar acids.

« Add NH; to the starting mixtures: UV irradiation of
H,O:CH,;OH:NH,; (10:5:1) ice mixtures leads to the
formation of shorter and smaller amounts of sugar
alcohols, sugars, and sugar acids, suggesting an
inhibiting effect of NH,.



Future Work

« Perform similar experiments with starting ice
mixtures which include other carbon sources
(CO) and/or nitrogen sources (HCN).

» Perforom similar experiments with starting
mixtures mimicking more realistic astrophysical
ices (containing H,O, CH,OH, CO, CO,, CH,,
and NH;)
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