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Introduction

Chemistry of Sulfur =
16
o Sulfur is heavy, and many important rates o< /1/mass S
e Gas-phase velocity 3206
e Condensed-phase mobility (migration/reaction/desorption)
e Not quite like oxygen
e Higher valency — sulfur enjoys company H 0 2
o Lower electronegativity — bonds are weaker H 5
e Many possible oxidation states: 6, 5, 4, 3, 2, 1, -1, -2 i €3
e Not a popular laboratory target phosphorus « Sulfur - chlorine

e Sulfur has a (relatively) low ionization potential:

Element  lon. Pot. (eV)

14.5
13.618
13.598
113
10.5
10.4
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Extraterrestrial Sulfur

Species First Obs. ISM Cometary
SH 2012 *

SHT 2011 *

H,S 1972 * *

Hyst 1984 *

HysT 1990 *

cs 1971 * *

Hcst 1981 *

H,CS 1973 * *

NS 1975 * *

SO 1973 * *

sot 1992 *

S0, 1975 * *

ocs 1971 * *

S, 1983 *

S3 2016 *

S4 2016 *

C,8 1987 *

[ 1987 *

cs, 2004 *

CH3SH 1979 * *
CH3CHySH 2014 () *

HNCS 1979 *

HSCN 2009 *

MPE,
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Extraterrestrial Sulfur

Modeling Interstellar Sulfur

Species First Obs.  ISM Cometary
SH 2012 *
SHT 2011 *
H,S 1972 * *
Hyst 1984 *
HysT 1990 *
cs 1971 * *
Hcst 1981 *
H,CS 1973 * *
NS 1975 * *
so 1973 * *
sot 1992 *
S0, 1975 * *
ocs 1971 * *
S, 1083 *
S5 2016 *
Sy 2016 *
[9%5 1987 *
[ 1087 *
cs 2004 * . .
CHiSH 1070 . . Sulfuric acid (H,SO,) on Venus.
CH3CHySH - 2014 . Source: ESA/MPS/DLR/IDA
HNCS 1979 *
HSCN 2009 *
MPE,
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Model Details

Chemical Network - Basics

Network core is based on Garrod et al. 2008 (i.e. the “OSU gas/grain network” )

Ebinding for O & NH3 modified

Minor updates to thermochemistry via recent ab initio calcs

Important updates/additions to photochemistry for low-A,

e Photodesorption (éberg et al. 2009; Hollenbach et al. 2009)
¢ Photodissociation/photoionization cross sections (Heays et al. 2017)
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Model Details

Chemical Network - Sulfur

e Sulfur network greatly updated/expanded
via literature

o All interstellar species are now included,
except CH;CH,SH

e Thermochemistry for allotropes rearranged

e Expanded oxidation routes on grain

]
Sulfur species

SH
HyS
HySy
cs
HyCS
,5
[
S
CH,SH
cs,
HCSSH
NS
HNCS
HSCN
HCNS
NH, CHS
50
50,
ocs
Sy
sis

SHT

"
HyS R
HpSy
cst

"
HQCi
czs+
c3s+
C,S .
cu3+sH(H )
cs,
HCcssH
NSt
HNCS(HT)
HSCN(HT)
HCNS(HT)
NH, CHS(HY)
sot

+
S0,
ocst
SyH
sist

HyS(HT)
HySy(H)
HCS
HyCS(HT)
HC,S
HC3S
C,4S(HT)
CH,SH
CS,H
HCSSH(HT)
NS(HT)
(HT)HNCS

(Ht)HCNS
NHZCHZSH
HSO
SO,(HT)
ocs(Ht)
Sy(HT)
sis(Ht)

cs(Ht)

C,S(HT)
C5S(HT)

CH,S
cs,(Ht)

NH,Cs

+
NH3CH25H
SO(HT)
SO,(HT)
HOCS(HT)

*
bold entries are new to OSU gas/grain network
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Model Details

Physical Model

o | 3
e 3 stages trace cloud history i H, ]
H et 107 3
e Physical conditions are based on : — ]
Snow & McCall, Annu. Rev. . ]
102 H =
Astro. Astrophys., 2006 : :
L Diffuse Diffuse Translucent Dense 7
& r atomic i  molecular : molecular
£ i i t
Stage1l  Stage?2 Stage 3 §‘ ; E
Classification Diffuse  Translucent  Dark/Dense : ]
Density (cm™3) 100 1000 10% — 100 co 7
Ay 0.5 1.6 10 ]
Tgas (K) 100 25 10 ]
Taust (K) 15 15 10 3
f3'(Hy) 0.01% 98% 99% k 7
Init. Abund. (K)  Cosmic - - t
i 7 6 6 ' 1 1 y 1
Time (yr) 10 10 10 10° 1 axiow ! 2 7 5 X107
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Introduction Model Details Model Results

Primary Sulfur Budget

Primary Sinks During Dense Stage

o Sulfur depletes out of gas phase near —
free-fall time limit and at high densities :w o
e Majority of the sulfur budget is trapped in E 10* cm3
ices “
e The usual suspects remain top sinks: CS, ’ N % 0% B %
H,S, OCS, SO, SO, N g
e % % % % % %,

% of total
cBe =%
89 R
538838

gHS m— 106 Cm—3

|

® 40 oS —
s2 gH2CS .
. e
0.35% CS m—
o gH2S
s
Sulfur budget on comet 67P/Churyumov—Gerasimenko : N % % %, % . MEE

via Rosetta/ROSINA. (Calmonte et al. 2016) Tme )
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Model Results

Sulfur Allotropes (pure chains/rings)

ST NN e 5

. . s | |/ \ \

S§S¢S J// 2\ \S/s S\S/S N \//
0% F q s2
s3

10 F E
10 s4
1015 E q ss
— 7 T — s6
1020 F E

s7

e S, , form much faster than Sg g 0= \\\,/\__ 1

10% F ~ '\/’é\_‘_d E
108 F \\ E
ook . — X ]

® Eping < S,

— unfavorable grain rates at 10 K % % % B
10°F 3 stee —
. . . SBige =
o Under interstellar conditions, S, dominates g 7 St —
. . . 0P ——— 4 SSie —
— opposite to terrestrial behavior oE W Jom

\’k

ook ]

sk ]

1090 F I I I 3

Time (yr)
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Introduction Model Details Model Results

Sulfur Allotropes (pure chains/rings)

S—

ST NG .
e s | |/ [ \
R /2 N N N

s s ~—

S, 4 form much faster than Sg g

Epind 'S,
— unfavorable grain rates at 10 K

Intensity (mV)

Under interstellar conditions, S, dominates
— opposite to terrestrial behavior

S, has magnetic dipole moment

Freguency (THz)
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Model Results

Hydrogenated Species

H2S m—

10°F 52 ——

S2H* m—

o Gas-phase abundances are not predicted to 10 7 o
be significant e __— ]
ek ]
1018 E q
ok ]
sk /\ ]
10 F 1 1 1 3
Time (yr)
MPE,
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Model Results

Hydrogenated Species

S2/H2S m——m
J M-D2016 - - -

Time (yr)

S2H/ H2S =
4 wmD20t6---

o Upper limits toward IRAS 16293-2422 b
suggested by Martin-Doménech et al. 108 bt . Y -
(2016) are within reasonable agreement T )

H282 / H2S e
M-D2016 = = =

Time (yr)
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Model Results

CS, H,CS & company

Diffuse Cloud

CS*
108 F 4 C8=—
HCS?* e
L 7] HCS =
ot = — e
o JHacs*

10710 1

. 10718 1

e CS has a significant abundances (ice 0ok . . L

& gas) in translucent & dense clouds N " N N

10 CS* m—

108 [ ] cs —
e HCS & H,CS only become important ool /,—A/ Jree =
in denser phase 1012} 7—_/47\_/ JHecs*

H2CS e
1014 -{H3CS*
orr /\_/ ]
el ]
1020 f 1 1 1 1 -
S % % % PN
Time (yr)
Dense Cloud

Modeling Interstellar Sulfur Jacob Laas & Paola Caselli



Model Results

C,S Chains

109 028 m—

e C,S & HC,S™ reach non-negligible oo f Jhes —

gas-phase abundances o | .cha}z_
1012 E
e Hydrogenated species are good ik \/ 1
targets for lab + obs ok . . ]
(even the cations) a a % =

Time (yr)
MPE,
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Model Results

CH,SH

e Formation routes are similar to

methanol (CH;0H) o G —
e gas-phase (ineffilO5cient): "10' —_/\ 1 crasws-
CH,™ 4+ H,S —— CH3SH(HT) + hy T ]
CH3SH(H") + e~ — CH3SH+H T ]
e grain surface: ool

S + CH; — CH5S

SH + CH, — CH,SH :
CH3S/CH,SH + H — CH,SH _

102 |

e Gas-phase abundances are negligble

1026 Lot 1 1 1

Time (yr)

Modeling Interstellar Sulfur Jacob Laas & Paola Caselli



Model Results

CH,SH

Dense cloud CH3SH / H,S ratio

e Formation routes are similar to
methanol (CH;OH)

e gas-phase (ineffil05cient): 0tk ]
CH,™ + HyS —— CH3SH(H™) + hy
CH3;SH(H") +e™ — CH3;SH+H 7 Rt =
Time (yr)

e grain surface: 0.1 N/
S + CH3 CH3S LI " T7
SH + CH, — CH,SH
CH3S/CH,SH + H —— CH3SH

CHgSH/H,S
o
2

w;ﬁ;;;"l
L
g

o Gas-phase abundances are negligble

1E-3 [ | L
U 17 T,
. L OO B 000
e Model predicts near-cometary PPPP $& $LPP
SOy & £88S
abundances LY O PSS

MPE,

Multiple epochs of 67P (Calmonte et al. 2016)
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Model Results

N-bearing Species

Diffuse Cloud

104 o NS* =—
Nswce_
106 | 1 Ns
. . 108 A
e NS, is nearly constant during/after ool f 1
translucent stage wief ]
1014 b —_\___—_—/— Jd
e NS™ is closed-shell cation b, . . . e
— good target for lab + obs " - i ”
°r T —
e HCNS isomeric family is not yet T e N 1™
10 | -

finished

NH,CH,S do not reach appreciable

[ )
3 3
S
—
L

abundances e , , . L
Time (yr)

Dense Cloud
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Model Results

Oxygenated Species

e SO is important in both gas & ice, in
translucent & dense clouds

SO* —
108 1
SOe =
SO e
. 7 o oo —
108 F . . 1 Hso
_/ 9%
1070 | g
1012 | 4
10 4
10 1
1078 | g
L L L L
5 2 % EN
Time (yr)
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Model Results

Oxygenated Species

10° S02° m—
108 | o 802 =
-_
/ so
1070 [ g
1012 e 4
1074 B
e SO, is important in both phases in dense ek _/\_/ ]
el ]
clouds ‘
P . . .
e gas-phase: ’ ’ ’ ’
g p 10° SO /802 mm—
O + SO — Soz + hv ROSINA (low) = = =
i 102 f J ROSINA (high) = = =
® grain: hot cores (high)
02+SO—>O+502 10" 1
1 ccccccncacnncanancccanccaaaanaaans P
0l , - -
10 SOjce / S02ice =
ot b 1 ROSINA (low) = = =
ROSINA (high) = = =
w0 | 1 hot cores (high)
102 | B
10 B
100
10 MPE,

Time (yr)
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Model Results

Oxygenated Species

10 OCS* w—
OCSjce ==
106 | 4 ocs
ol —/-\_d_ ]
e ]
- ]
ot Lt L - -
. . - . 102 —
e OCS is most important O-bearing species O T
H 1 --- AFGL 989 - - -
in dense ice wil MonFoIRSs - - -
AFGL 961E - - -
° gas_phase: NcconZf::lAsgg”r
OMC 2IRS 3

Elias 16 = = =
NGC 7538 IRS 9

S+ HCO — H+ OCS
O+ HCS — OCS +H
OH +CS — H + OCS ]

e grain: 10l L " .
S 4+ gCO — gOCS N T e
CS + g0, — gOCS + g0
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Model Results

Is there hope?

L1544 vs model (Spezzano, priv. comm.) L183 vs model (Lattanzi, priv. comm.) (WF06)
CS e HCS?* s
07 F ———_ 4 €25 — 107 f ; S0 ——
e 1 H2CS = el --/\'\ ----------------- k 802w
0CS§ e /\ ocs
SO H2Cs
00 F E S02 —— 10°F // 7 N q Hes* (L183) - - -
ook E Hes* ol SO (L183) - - -
CS (L1544) = - - SO, (L183) - - =
ok CoS (L1544) = = = 0 b ] ocs(Liss)
H,CS (L1544) - = = H,CS (L183)
1012 1 ocs(Lisas) - - - rery ]
SO (L1544)
1013 [ J s0,(L1544) - - - 1013k ]
HCS* (L1544)
ok 1 ok 1
% % % %
Time (yr) Time (yr)

e Some environments are not consistent

e Modeling non-equilibrium chemistry proves challenging. ..
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Finale
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Finale

Thanks!

Modeling Interstellar & Paola Caselli



Finale

HCNS Isomeric Family

Relative energy

(kcal/mol) 130 oo
e Thermodynamic stabilities not sig. " o o & -0
wrt. ice kinetics 1N
CH, + NS — HCNS +H 20 '
N + HCS — HNCS/HSCN 2 N
e HSCN missing efficient gas formation 10 e S o
S+ HyCN — H + HCNS ) b
NH, + CS — HNCS +H oeatimel
H2S+ 4+ HNC s HNCSHT Relative energies of HNCS isomers. (McGuire et al. 2016)
HNCSH" + e~ — HSCN+H

10°F o Hnese e —

1ok JHncs
10°F E

104 o
o0k ]

10t ]

o b ]
10 [ ]

Jrer)
Y S % s 107k , X

Time (yr)
Time (yr)
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