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Chapter 7 ¢ Atomic physics lll: Molecules
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Galactic Latitude

Molecular clouds in the Milky Way
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Galactic Latitude

Molecular clouds in the Milky Way
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§7.1 » Vibrational and rotational energy levels
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Potentials of H, molecule
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Molecules with more atoms

Videos by Chris Barnet
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§7.2 » Molecular Hydrogen (H5)




Energy levels of molecules
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H, formation

In principle:

H> + 45V

+’—> D0 + W



Electric dipole




H, formation

In principle:

H> + 4.5eV
+’—> +-’VW\>

Associative detachment:

u + e  —— H- + energy




H, formation

Dust grain




Photo-dissociation of H»
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Photo-dissociation of H»

N

A (10_16 erg cm™> A"1)
(&)
D
—

O m l l l ] ] 1 ]

920 940 960 980 1000 1020 1040 1060 1080 1100
wavelength (A)

Figure 2. Absorbed far-UV spectrum showing partially overlapping
Lyman—Werner band absorption lines, for beamed radiation into a cloud, at
a total hydrogen gas column density of 3.74 x 10?0 cm~2, for a free-space radi-
ation intensity Iyy = 35.5, gas density n = 10° cm™>, and metallicity Z’ = 1
(xG/2 =1).

Sternberg et al. 2014



Model of molecular cloud

* \ / UV radiation
—
/ \ *

e.g. Krumholz et al. 2009 e Krumholz 2013 e Sternberg 2014 e Bialy et al. 2017




HI/H, transition
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Orion nebula

Draine



§7.3 ® Carbon Monoxide (CO)




Pathways to CO
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The CO molecule

Complete 2p¢ shell,

ground state has J =0
Carbon ground state: Oxygen ground state:

1s2 252 2p?2 1s2 2s2 2p4



EM spectrum in astronomy
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Atmospheric windows
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Atacama Large mm/sub-mm Array (ALMA)

PABLO CAR

photography & vid




Molecular chemistry beyond H>




lces

(a) Early ice formation (b) Cloud core ice formation (C) Cold (<20 K) UV.processing
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Molecules detected in space: 2 atoms

Molecule ¢ Designation $ Molecule < Designation $

AICI Aluminium monochloridel'3I14] NH Imidogen radicall3[40]

AIF Aluminium monofluoridel'3]15] N, Molecular nitrogenl41142]

AIO Aluminium monoxidel'®! NO Nitric oxidel43!

- Argonium!?71l18] NS Nitrogen sulfidel3!

T Diatomic carbonl€1[20] NaCl Sodium chloridel'3l14]

— Fluoromethylidynium — Magnesium monohydride cation
CH Methylidyne radicall?2123] 0, Molecular oxygen[44!

CN Cyano radicall'311231(25](26] PN Phosphorus mononitride[5)46]
co Carbon monoxidel3129](30] PO Phosphorus monoxidel*”]

CP Carbon monophosphide!28! SH Sulfur monohydridel48!

CS Carbon monosulfidel'3! SO Sulfur monoxidel'3]
FeO Iron(ll) oxidel®2} SiC Carborundum[13150]

— Helium hydride ion[33l34] SiN _I51]

H, Molecular hydrogen!®] SiO Silicon monoxidel 13!

HCI Hydrogen chloride!3®] SiS Silicon monosulfide! 13!

HF Hydrogen fluoridel®”] TiO Titanium(l1) oxide!?!

HO Hydroxy! radicallS]

KCI Potassium chloridel'3I[4]

CoO

Wikipedia



Molecules detected in space: 3 atoms

Molecule # Designation E Molecule ¢ Designation $
AINC Aluminium isocyanidel'®! HCP Phosphaethynel”®!
AIOH Aluminium hydroxidel®! HCS Thioformyi[76!

C, Tricarbon!56157] _ Diazenylium[7411241(77]
C,H Ethynyl radicall312%] HNO Nitroxy![78]
CCN Cyanomethylidynel®8! — Isoformy!
C,0 Dicarbon monoxidel®®) HSC IsothioformyL76]
C,S Thioxoethenylidene!6°] KCN Potassium cyanidel'3]
C,P —[61] MgCN Magnesium cyanide!'S]
CO, Carbon dioxide!6?] MgNC Magnesium isocyanidel 3!
CaNC Calcium isocyanidel63] NH, Amino radicall”®!
FeCN Iron cyanidel®] N,O Nitrous oxidel®°]
— Protonated molecular hydrogen NaCN Sodium cyanidel 3!
H,C Methylene radicall®®] NaOH Sodium hydroxidel®1]
— Chloronium OCS Carbonyl sulfide!®?]
H,O Water(®7] O, Ozonel83]
HO, Hydroperoxyi(®°] SO, Sulfur dioxidel 3184
H,S Hydrogen sulfidel'3! c-SiC, c-Silicon dicarbidel13150]
HCN Hydrogen cyanidel!31251[70] SiCSi Disilicon carbide!®!
HNC Hydrogen isocyanidel”1[72] SiCN Silicon carbonitride!®!
HCO Formyl radicall”3! SiNC [87]
TiO, Titanium dioxidel®?]

Wikipedia



Molecules detected in space: 4 atoms

Molecule +# Designation s Molecule +# Designation s
CHj Methyl radical(®®! — Protonated carbon dioxide
l-C5H Propynylidynel3110] HCNO Fulminic acidl!92]
c-C5H Cyclopropynylidynel®?! HOCN Cyanic acidl 103!
CsN Cyanoethynyll®3! CNCN Isocyanogenl104]
C30 Tricarbon monoxide!®%! HOOH Hydrogen peroxidel'9°!
CsS Tricarbon sulfidel'3160] HNCO Isocyanic acid®4!
— Hydronium HNCS Isothiocyanic acidl'6!
CoHo Acetylenel%®! NH, Ammonial'3Il107]
H,CN Methylene amidogen!®”] HSCN Thiocyanic acidl108!
H,CO Formaldehyde!88! SiC, Silicon tricarbidel 3!
H,CS Thioformaldehyde!®8] HMgNC Hydromagnesium isocyanidel!%°]
HCCN —[99] HNO, Nitrous acid! 0]
HCCO Keteny!l100]

Protonated hydrogen cyanide

H.CO

Wikipedia



Molecules detected in space: 5/6 atoms

Molecule Designation 7N
— Ammonium ion[1121[113]
CH, Methanel'14l
CH;0 Methoxy radicall'1%]
c-C5H, Cyclopropenylidene[221[1161117]
FH,C4 Propadienylidenel1”]
H,CCN Cyanomethyll118]

H,C,0 Ketenel®
H,CNH Methyleniminel11°]

HNCNH Carbodiimide! 2]
— Protonated formaldehyde
C4H Butadiynyl[13!

HCN Cyanoacetylenel!311251741[123][124]
HCC-NC Isocyanoacetylenel'2°]
HCOOH Formic acidl?261[123]

NH,CN Cyanamidel!2711128]
NH,OH Hydroxylaminel2°]
— Protonated cyanogen
HC(O)CN | Cyanoformaldehydel3!
s Linear Cgl32l
SiC, Silicon-carbide cluster!®!
SiH, Silanel 133

Molecule Designation $
c-H,C;0 Cyclopropenonel'3%]
E-HNCHCN | E-Cyanomethaniminel'3€l
C.H, Ethylenel137]
CHZCN Acetonitrile[84I138]139]
CH3NC Methyl isocyanidel'38!
CH,OH Methanoll841[140]
CH,SH Methanethioll141]
FH,C, Diacetylenel131l142]
— Protonated cyanoacetylene
HCONH,, Formamidel'34]
CsH Pentynylidynel31(60]
CgN Cyanobutadiynyl radicall43!
HC,CHO | Propynall'44]
HC,N e
CH,CNH Keteniminel!16l
053 __[145]
CH;, HCONH-

Wikipedia



Molecules detected in space: 7/8 atoms

Molecule Designation $
¢-C,H,0 Ethylene oxidel'47]
CH5C,H Methylacetylene!2!
H;CNH, Methylaminel'48]

CH,CHCN | Acrylonitrile[841(138]

H,CHCOH | Vinyl alcoholl146]

CgH Hexatriynyl radicall 3160
HC,CN Cyanodiacetylenel841[1241138]
HC,NC Isocyanodiacetylenel'°0!

HC:O —[151]
CHzCHO | Acetaldehydel'3ll147]
CHZNCO | Methyl isocyanatel'%?]
HOCH,CN | Glycolonitrilel!53]

Molecule Designation s
HzCC,CN | Methylcyanoacetylenel%!
HC3;H,CN Propargyl cyanidel %!

H,COHCHO | Glycolaldehydel'®”]
HCOOCH, | Methyl formatel841231[157]
CHZCOOH | Acetic acid!'®4

HyCe Hexapentaenylidenel131[142]

CH,CHCHO | Propenall''®l

CH,CCHCN | Cyanoallenel'61155]
CH,CHNH | Ethaniminel'58l

C7H Heptatrienyl radicall'%°!

NH,CH,CN | Aminoacetonitrilel!60]

(NH,),CO | Ureal'6"]

CH3CHO

CH;COOH

Wikipedia



Molecules detected in space: 9/10+ atoms

Molecule Designation $ Atoms ¢ Molecule + Designation $
CH4C4H Methyldiacetylenel'6?] 10 (CH3),CO | Acetonel84Il172]
CH3OCH; | Dimethyl ether16] 10 (CH,OH), | Ethylene glycoll!73Il74]
CH,;CH,CN Propionitrilel131(841138] 10 CH3CH,CHO | Propanall''6!
CHZCONH, | Acetamidel'161l134](128] 10 CHZOCH,0H | Methoxymethanoll!”>]
CHgCH,OH | Ethanoll'64 10 CH,C:N Methylcyanodiacetylenel16]
CgH Octatetraynyl radicall'6®! 10 CH3CHCH,0 | Propylene oxidel!”®]
Cyanohexatriyne or 11 HC4CN Cyanotetraacetylenel'31[168]
HeN Cyanotriacetylenel3I1071168][169] 11 C,HsOCHO | Ethyl formatel!77]
CH3CHCH, | Propylene (propene)!!”®l 11 CH3;COOCH, | Methyl acetatel”8l
CH3;CH,SH Ethyl mercaptanl’”"] 11 CH,CgH Methyltriacetylenel!161162]
CHZNHCHO | N-methylformamidel28! 12 CeHg Benzenel'4?]
12 CzH,CN n-Propyl cyanidel'””]
12 (CH3),CHCN | iso-Propyl cyanidel'7°91180]
13 CgHsCN Benzonitrilel'81]
13 HC,,CN Cyanopentaacetylenel'68
60 Ceo Buckminsterfullerene
(Cgp fullerene)!82]
70 Cs C, fullerenel 182!

Wikipedia
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