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Status of Spectral Line Catalogs

Line Identification Data for Herschel,
ALMA and SOFIA
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¢ Microwave Catalogs (better than 100kHz accuracy if in range of available data)

— JPL Microwave, Millimeter and Submillimeter Spectral Line Catalog
* http://spec.jpl.nasa.gov
* Pickett et al., 1998, J. Quant. Spec. & Rad. Transfer 60, 883.
 Fitting programs provided on line
* 340+ entries

— CDMS Cologne Database for Molecular Spectroscopy
e http://www.phl.uni-koeln.de/vorhersagen/
* H. S. P. Miiller et al., 2005, J. Mol. Struct. 742, 215-227
* 380+ entries

— NIST

 Recommended Rest Frequencies
— http://physics.nist.gov/cgi-bin/micro/tableS/start.pl
— Lovas, 1992, J. Phys. Chem. Ref. Data 21, 181.

e J. Phys. Chem. Ref. Data Historical data
— http://www.physics.nist.gov/PhysRefData/MolSpec/Diatomic/index.html
— http://www.physics.nist.gov/PhysRefData/MolSpec/Hydro/index.html
— http://www.physics.nist.gov/PhysRefData/MolSpec/Triatomic/index.html
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Existing Line Resolved IR Catalogs

¢ Line Resolved Infrared Catalogs (Accuracy of 3-30 MHz)

— HITRAN *“high-resolution transmission molecular absorption database”
* 39 Mostly Atmospheric Molecules
* http://cfa-www.harvard.edu/HITRAN/
* Rothman, L.S., 2005, JSQRT 96, 139

— GEISA Gestion et Etude des Informations Spectroscopiques Atmosphériques
* 42 Mostly Atmospheric Molecules
« http://ara.lmd.polytechnique.fr
* Jacquinet-Husson et al., 2003, Atmos. Oceanic Opt. ,16-3, 256-61.

— NIST (Better than 3 MHz)
« Heterodyne IR spectra of 5 molecules
* http://physics.nist.gov/PhysRefData/wavenum/html/contents.html

* Maki, A. G. and Wells, J. S. (1998), Wavenumber Calibration Tables from Heterodyne
Frequency Measurements (version 1.3).
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Other Data and Data Bases

¢ No Astrophysical Molecular Database of IR or Optical/UV

— Few molecules have known IR spectrum (only simple)

— Few molecules have known electronic spectrum (only simple)

* Many notable surprises (electronic bands of HCO+!)

¢ Far IR often lacks even band data

— Few spectra from 3-400 cm! of more complex molecules

« Applies to liquid and gas

¢ Basic rotational information is collected

— http://www.uni-ulm.de/strudo/mogadoc/

— Fee $9, collection of references and constants

 No critical evaluation
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Catalog Support
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¢ IR caltalogs supported by atmospheric science community

— HITRAN is actively supported

« Latest review meeting June 2006

— GEISA also appears actively supported (CNES in France)

¢ Microwave catalogs support both Astronomy and Atmospheric Science

— JPL is funded only by atmospheric science as part of Aura validation
* No Astrophysics funding since 2000
* Some Herschel money (2007, 2008)

— CDMS dedicated to astrophysics
* Funding expired in 2005
*  ESA did not honor commitment to fund 2005-Herschel Launch
« MPIfR/DLR are currently supporting CDMS

— NIST is not funded Frank Lovas supports in his spare time
¢ JPL and CDMS are both used by Herschel observation planning tool HSPOT

¢ NASA Laboratory Astrophysics Workshop (Feb 2006) supported data generation over
catalogs
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Known Molecules

2 atoms |5 atoms |4 atoms |5 atoms |6 atoms / atoms 3 atoms 9 atoms 10 atoms 11 atoms |12 atoms 13 atoms
H2 Cs3* c-C3H Cs* CsH CeH CH3C3N CH3C4H CH3C5N HCON C6H6" (?) HC11N
AlF C2H I-CsH C4H [-H2Ca4 CH2CHCN  [HCOOCH3 CH3CH2CN [|(CH3)2CO |CH3C6H JC2H50CH3 (?)
ATCI C:0 CN ony CoHa™ CHC:H . |CH3COOH (CH3)20 (CH20H)2
Co** C25 Cs30 -CsH2 CH3CN HCsN C7H CH3CH20H |CH3CH2CHO
CH CH2 C3S c-C3H2 |CH3NC CH3CHO H2C6 HC7N
CH+ HCN C2H2* H2CCN |CH30OH CH3NH2 CH20HCHO C8H
CN HCO NH3 CH4* CH35H c-C2H40 I-HC6H* (?) CH3C(O)NH2
CO HCO:  |HCCN _ |HCGN  |HCNA- M>CCHOH_|CH2CHCHO (7)
CO-+ HCS+ HCNH+  JHC2NC HC2CHO CH2CCHCN
CP HOC+ HNCO HCOOH [NH2CHO
SIC H20 HNCS H2CNH CsN
HCI H25 HOCO+ [H2020 I-HCaH* (77)
KCI HNC H2CO H2NCN |I-HC4N
NH HNO H2CN HNC3 c-H2C30
NO MgCN __ |H2CS SiH4* H2CCNH (?)
NS MgNC H30+ H2COH+
NaCl N2H+ c-SiC3 .
OF v Note: Many simple molecules necessary for
a . .
%0 0TS Chemical network to function have not yet been
SO+ S0O2
S 53 Observed e.g. NH', NH,", NH;",OH", CH,",
S[0) COZ* n
SIS NH2 CH39 CH3
CS H3+
HF H20+
SH* SiCN
HD AINC
FeO (?) |SINC
02 (?)
CF+
SiH (?)
Laboratory Workshop J. Pearson 6 Caltech ¢ Oct 19-20 2006
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Known diatomics

¢ Diatomics (Main isotope name given)

Known Molecules H,, AlF, AICI, C,, CH, CH+, CN, CO, CO+, CP, CSi, HCl, KCl, NH,
NO, NS, NaCl, OH, PN, SO, SO+, SiN, SiO, SiS, CS, HF, SH, FeO, O, CF+, SiH

* Red = nothing in catalog

Dunham Theory allows isotopes and vibrations to be calculated together if enough data
exists on one or more isotopic species

Catalogs contain all but one known and many unknown diatomics

Needs mass independent fits for many, many species have no vibrational information (e.g.
CO)

Additional transition metal hydrides and oxides probably should be cataloged
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JPL
Status Known Diatomics (1/2)

Molecule  [V's M, Freq lsotopes [V's M, Freq JPL CDMS
H: Mone HD V=0 =126 THz Yes Yes
AIF =0 N=14 461 GHz |None Yes
AICL35 =0 |N=115GHz AIC137 V=0 N=115 GHz Yes
Ca Mone |[MoDipole Mone
CH =) |HM=842THz MNone Yes Yes CD data at JPL
CH+ =0 J=1 835 GHz MNone Yes CDHI13CH+ being done at JPL
CH ¥=0,1 |N=81THz 13CH V=0 N=2217 GHz |Yes Yes
[C15N V=0 N=2219 GHz Yes
L3C15N V=0 predictions Yes
O V=0 J=3843THz 1300 V=0 J=3033THz Yes Tes Diata Available for V=0
|C120 V=0 J=122THz Yes Tes Diata Available for V=0
[c170 V=0 [J=8900CHz  [Ves Yes Data Available for V>0
13C180 V=0 J=01 THz Yes
13C170 V=0 J=01 THz TYes
CO. V=0 =4 471 GHz MNone Tes Data Available to N=5 Anzona
CP =0 N=221TH=z MNome Yes Tes
i V=01 |N=12460 GHz |3i13C V=0 N=8 270 GHz Yes Tes
29/305iC
HCL35 =0 |N=1062THz |HCL37 V=0 MN=1062THz |Yes
DCL-35 V=0 M=2 646 GHz Yes
DCL37 V=0 MN=2 645 GHz Yes
KCL35 ¥=0,1 |N=134930GHz |KCI-37 V=0,1 |N=138925GHz |Yes Tes
41K35C1 V=0,1 |N=134908 GHz TYes
41K37C1 Can calculate
NH =0 |H=549THz WD V=0 M=21.l THz Ves TYes
15NH
HO V=01 [N=6 464 GHz MNone Yes
HS V=0 N=8 350 GHz [N343 V=0 N=3115 GHZ |Yes
15NS
Hall-35 ¥=0,1 |J=73,930CHz |NaCl-37 V=0,1 |J=74,930CGHz |Ves TYes
OH W=0-.2 |N=03ETHz [OD V=0 M=1125THz |Yes 3 LIHz accuracy
180H V=0 MN=3 6 GHz Yes
180D
170H
Laboratory Workshop J. Pearson 8 Caltech ¢ Oct 19-20 2006
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Status Known Diatomics (2/2)
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Molecule |V's N, Freg lsotopes  |V's N, Freq JPL CDMS
PN V=04 |N-8 375 GHz |Nene Yes
20 V=01 |H=4419THz=z 3330 V=0 H=241TH=z Yes Yes also a state
=170 V=0 WN=15 620 GHz Yes
3450 V=0 N=251TH=z Yes Yes
3180 =0 H=261TH=z Yes Yes
3650 V=0 M=23 952 GHz Yes
Douhles Can calculate all
S0+ V=0 N=7 350 GHz MNone
Sl V=0 N=4 178 GHz Mone
S0 V=0.6 |N=8 340 GHz 29510 V=0-3 MN=1 43 GHz Yes Yes
30510 V=l.3 |N=1 43 GHz Yes
S1l 20 V=03 |N=11 444 GHz Yes
S5il70 Needed to caleulate all
Sis V=0 WN=3 55 GHz 29513 V=0 N=3 55 GHz Yes
30ELS V=0 N=3 55 GHz Yes
S543 =0 =3 55 GHz Yes
5i33/368 HMeeded to calculate all
Cs V=02 |[WN=221.1THz 13C3 Vv=0,1 |[N=221TH=z Yes Yes
C333 Vv=0,1 |[N=221TH=z Yes
345 V=0,1 |[N=221THz Yes Yes
13C333 V=0 N=201THz Yes
13C343 V=0 N=211THz Yes
C365 V=0 N=211THz Yes
13C363 V=0 Yes Calculated
HF V=0 W=36.2 THz DF V= N=1 452 GHz Yes
=H V=0,1 |[N=5%875CGHz b V= W=61 THz Yes
33/34/365H Needed to calculate all
Fe( MNone Some data exists
o2 V=01 |HN=1525TH= 0170 V=0 H=1 118 GH=z Yes also Delta state
Q180 =0 N=3 463 GH=z Yes
CF+ =01 [N=4411 GHz |Nome Yes
SiH MNone
Laboratory Workshop J. Pearson 9 Caltech ¢ Oct 19-20 2006
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Diatomic Work Remaining

AIF should be extended to 1 THz (ALMA primary)

AICI (33Cl and 37Cl) should be extended to 500 GHz (ALMA
primary)

CO calculation of V=1 for all needed (data is available)
13CN, C5N and 3C'5N should be extended to 2 THz (Herschel)

CO" should be extended to 2 THz (Herschel)
-  BCO*, CV0", C80* should be measured to 2 THz

— Double versions can then be calculated
13CP should be measured to 1 THz (ALMA)

41K37Cl should be calculated (can be done from existing data)
(ALMA)
SiC should be extended to 2 THz (Herschel)

- 29SiC, 30SiC, Si13C should be measured to 2 THz

— Double substituted can then be calculated

15NH needs to be measured (Herschel)

—  I5ND should be calculated once 15NH is measured

130H, 7OH need to have rotational transitions measured
(Herschel)

180D and 170OD can then be calculated

PN should be extended to 1 THz (ALMA)
—  P!5N should be measured to 1 THz

SO should be extended to 2 THz and V=3 (Herschel, ALMA)

—  Mixed isotopes should be calculated

*

SO+ should be extended to 2 THz and V=1

—  Isotopes 338, 34S, 365,170 and '30 should be measured

—  Mixed isotopes can then be calculated

SiN should be extended to 2 THz and V=1
298, 308, 14N should be measured to 2 THz

—  Mixed isotopes can then be calculated

SiO should be extended to 2 THz
2984, 30Si, 1830 need to be extended
— 170 needs to be meausred

—  Mixed isotopes can then be calculated

SiS should be extended to 500 GHz
298, 30Sij, 338,348 368 should be measured/extended

—  Mixed isotopes can then be calculated

SH should be extended to 2 THz
338, 348, 36S should be measured

—  Mixed isotopes can then be calculated

FeO need to be cataloged and evaluated
—  Most likely 170 and '80 need to be measured

CF* should be extended to 2 THz

—  BBCF* should be measured
IBCH and CD need to be measured
BCH* and CD" need to be measured

SiH, SiD, 2°SiH, 3°SiH need to be measured/evaluated

- Mixed versions can then be calculated

Laboratory Workshop
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Known triatomics

¢ Triatomics

— Known Molecules C,, C,H, C,0, C,S, CH,, HCN, HCO, HCO*, HCS*, HOC*, H,0, H,0",
H,S, HNC, HNO, MgCN, MgNC, N,H*, N,0, NaCN, OCS, SO,, ¢-SiC,, CO,, NH,, H,*,
SiCN, SiNC, AINC

 Red=Nothing in Catalog
— Catalogs contains most known and a few unknown triatomics
— Each isotopomer and vibrational state is a separate spectroscopic problem
— Vibrational data is scarce

— Isotopic data is lacking on many species

Laboratory Workshop J. Pearson 11 Caltech « Oct 19-20 2006



JPL
Status known triatomics (1/2)

3 atorm molecules

Molecule |W's i K Freg lsotopes  |W's M K Freq JPL COMS
Cs fuz 14 2 THz None Yes Mo rotation spectrum
CaH 2 11,960/250 |CCD W=l i, 360 GH Ves
13CCH  |v=0 }. 336 GHz Yes
C1acH  [v=0 {. 341 GHz Yes
Ca20 =0 8. 185 GHz None es
Cz5 ={] '3, 285 GHz  |None es ‘Ves
CH2 =0 512THz None Yes Cannot extrapolate
HCM nuz 22,2 THz DCM nuZ 27, 2 THz Yes
H13CN nuZ 23,2 THz Yes
HC15M  |nu?2 23 2 THz Ves
D13CH  |v=0 29,2 THz es
DCI15N  |v=0 28, 2 THz Ves
H13C15N
D13C15N [w=0 29 2 THz Yes
HCO =0 11,1, 360 GHz |None Yes
HCO- 000,010,020 (12, 1 TH: DCO+ W=l 11, 792 GHz |Yes Yes Paper in press, DCO+ vib data
100,001 H13C0+ |v=0 }, 260 GHz Yes Yes Paper in press JPL/CESR
HC180+ |W=0 b, 255 GHz  |Yes Yes Paper in press JPL/CESR
HC170+ [v=0 }, 370 GHz Yes Yes
D13C0+ |vw=0 11, 778 GH; Ves Paper in press JPL/ICESR
DC180+ |v=0 10, 689 GH; Yes Paper in press JPL/CESR
HCS. =0 23,940 GHz |DCS+ W=0 26, 936 GHz Yes
H13CS+ [vw=0 9, 367 GHz Yes
HC345+ |Ww=0 21,881 GHz Yes
335,368
HOC. iz 9,813 GHz |DOC+ W= 11, 840 GHz Ves
HO13C+
H180(C+
Ha0 nul nu?, nu3|17,9, 5.6 THz |HDO =0 127 2 THz Yes Data Cologne, JPL
2nu2 H2180  |v=0 7AT50 GHz |Yes More data available in GS
H2170 |v=0 73750 GHz |Yes Mo hyperfine, GS data available
D20 W=0 12101 THz  [Yes Paper in press
HD18O  [w=0 125 241 GHz |Yes Data at JPL, Caltech
HO1T O Some data is available
02180 Some data is available
D2170 Some data is available
HzS = 1.9. 1 TH: HDS W={) | GHz [Yes
337347365

Laboratory Workshop
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Status known triatomics (2/2)

Malecule |\V's M K Freg lsotopes MK Freq JPL COMS

HMC nu2 22,2 THz DrC V=I] 26,2 THz Yes
H13CN =0 ', 180 GHz Yes
HC15M V=0 2, 180 GHz Yes
doubles

HNO =0 190 GHz |DNO W=0 0 5Hz |Yes
15N,180

b =0 Hz  |Hone ‘fes

MghC nu2 ' GHz  |Hone Yes

MN2H+ nu2 15 GH: MN2D+ =[] 9, 683 Yes
15MMH+ V=0 91 GHz Yes
MN15NH+ [v=0 1,91 GHz Yes

MNz0 nu2, 2nu2 |66 1.7 THz N2180 67,17 THz |Yes
15MND 67,17 THz [Yes
M15NO 67,17 THz |Yes

MaCM None None None

0OCS =01 90,1090 GHz |[O013CS  |v=0 . 315 GH Yes
180CS  |v=0 14, 501 GH Yes
OC34S  |v=0 B8, 805 GHz Yes
170CS  |v=0 12, 504 GHz Yes
QCc33s  |v=0 12, 504 GHz Yes
Q130335 V=0 12, 502 GHz Yes
Q13C343 |v=0 12, 496 GHz Yes
18013CS [v=0 B0, 662 GHz Yes
IS

So2 nu2 [80.21 1.9 THz |33502  [v=0 50,10, 1THz Yes
S1700 |v=0 45,10, 1THz Yes
34302 |v=0 4513, 1.2THz Yes
S1600 |v=0 55,12, 1.2THz Yes
IS

c-SiC2 =0 17,11, GHz|Hone Yes

co2 C1700  |v=0 1,22 GHz Mo rotation spectrum in CO2
C1800  |v=0 8,176 GHz

MH2 W= 5416THz |None Yeosg

H3+ H2D+ V=0 3214THz |Yes Yes Mo rotation spectrum in H3+
D2H+ =0 2215THz Yes

H20+ None None None

SIiCM =0 5Hz  |None Yes

AlMC =0 12, Hz  |None Yes

SINC =0 2? 3-Il} GGHz |None Yes

Laboratory Workshop
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Tritomic Work Remaining

¢ H,S needs extending to higher J, HDS needs extending,

¢ C;requires single 13C isotopes (2 possibilities) isotopic S (3) is needed

¢ C,H needs extending to 2 THz as do three isotopic

13 15 ; :
versions * C and °N HNC need extending, double substituted

need to be done

¢ C,0 needs to be extended to 1.5 THz and two 3C and

two O isotopes need to be done ¢ HNO and DNO need extending, 15N, 170, 130 need to be

done

¢ C,S need to be extended to 1 THz and two 13C and three

S isotopes need to be done MgNC needs to be extended, isotopes need to be done

e HCD and H.13C need to be done ¢ MgCN needs to be extended, isotopes need to be done
2
+ . .
¢ HCN states below 5000cm™! are needed, 13C!SNH is ¢ N,H" and 3 isotopes need extending
needed

¢ 6 OCS isotopes need extending and 8 need v=1

¢ HCO needs extending and isotopes (5) need to be done . . .
¢ SiC, needs extending and isotopes need to be done

¢ HCO" needs extending to 2 THz (7 total isotopes) .
¢ Isotopic NH, needs to be done

¢ H'3CS" needs extending, 33S, 3%S need to be done )
¢ More H,D" and D,H" lines need to be measured

¢ 13C and 30 HOC" need to be done )
¢ H,0" needs to be done as do isotopes

¢ Nul, 2nu2, nu3 water are needed, nu2 of 1’0 and 30

and double and triple substituted ¢ SINC, SiCN need extending and isotopes need to be done

¢ AINC needs to be extended and isotopes need to be done

Laboratory Workshop J. Pearson 14 Caltech « Oct 19-20 2006
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Four atom molecules

¢ Four Atom Molecules

— Known Molecules ¢-C;H, I-C;H, C;N, C;0, C;S, C,H,, NH;, HCCN, HCNH+, HNCO,
HNCS, HOCO+, H,CO, H,CN, H,CS, H;0+, ¢c-SiC,

* Red=not in catalog
— Each isotopomer and vibrational state is a separate spectroscopic problem
— Vibrational data is scarce

— Isotopic data is lacking on many species

Laboratory Workshop J. Pearson 15 Caltech « Oct 19-20 2006
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Status known four atom molecules (1/2)

Molecule |V's N K Freg lsotopes |V's M K Freg JPL CDMS

c-CsH YW=0 9.5, 365 GHz |None Yes

I-CsH nud, Sigma |17. 360 GHz |l-C3D nud, Sigma |17, 360 GHz Yes
13CCCH [nud, Sigma |16, 360 GHz Yes
C13CCH [nud, Sigma |16, 360 GHz Yes
CC13CH [nud, Sigma |16, 360 GHz Yes

CaM nus 30 . 300 GHz 13CCCN Iv=0 30 . 300 GHz Yes
C13CCN |v=0 10, 300 GH Yes
CC13CN |v=D 30, 300 GHz Yes
CCC15N |v=0 30, 300 GHz Yes

Ca0 =0 . GH None Yes

C3s =0 1, 300 GHz [13CCCS |v=0 17 GHz Yes
C13CCS |v=0 b, 17 GHz Yes
CCC34S |v=0 17 GH Yes
CC13CS
33S. 365

C2H2" DCCH Mo rotational in HCCH
H13CCH Data for DCCH and DCCD at JPL
DCCD

MNH3 nuz2 17. 1.6 THz H2DM =0 206,850 GHz |Yes Yes
H315M V= 16,16, 572 GHz|Yes
D2HN = 126,515 GHz Yes
D3N V=0 2017 612 GHz Yes

Laboratory Workshop
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Status known four atom molecules (2/2)

Molecule |V's N K Freqg Isotopes |V's N K Freq JPL CDMS
HCCN =0 9, 198 GHz None
HCMNH. =0 10, 740 GHz |HCND+ [v=D 7. 444 GHz Yes Yes

DCNH+

H13CNH+

HC15NH+
HNCO =0 46,5, 220 GHz |None Yes No b-type >K=1
HNCS =0 85,2, 1.07 THz[None Yes No b-type =K=1
HOCO. =0 30,5, 425 GHz |None Yes No b-type >K=1
H2CO =0 45142 THz |H213C0O [v=0 35,10, 1.9 THz Yes

HDCO V=0 35,10, 1.6 THz Yes

D2CO W= 40,13, 1.9 THz Yes

H2C180 |v=0 30,10, 1.9 THz Yes
H2CN =0 54 370 GHz |None Yes
H2CS =0 26,4, 175 GHz |None Yes
H30+ =0 1.3, 375 GHz |None Yes More data available
c-SiC3 =0 23,6, 275 GHz |None Yes

Laboratory Workshop
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4 atom molecule work remaining
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¢ c-C,H need to be extended, 3 '°C isotopes need to ¢ HCCN needs to be done, very low bending need

be done, D needs to be done to be included, 4 isotopes are need

¢ 1-C;H need to be extened to higher Q#, as do 3 ¢ HCNH', HCND" need extending to 1.9 THz, 3
BC’and D isotopes isotopes need to be done

¢ C;N and isotopes (4) need to be exteneded to ¢ HNCO needs to be extended, 5 isotopes need to
higher Q#, isotopes need bending state (4) be done

¢ C,0 need to be extended, S isotopes need to be ¢ 6 isotopes of HNCS need to be done
done

. ¢ HOCO™ need to be extended, 6 isotopes need to
¢ C;S need to be extended as do 3 isotopes, 3 be done

isotopes need to be done

L ¢ H,CN needs to be extended, 3 isotopes need to be
¢ HCCH, H®*CCH, DCCH need combination done

bands and pure rotation (>5 states)

) ¢ H,CS needs to be extended, S isotopes need to be
¢ PNH; need v,=1 improved, SND_ need to be done

done (3)

¢ Inversion of H;O" needs to be revisited, at least 3
isotopes need to be done

¢ SiC, needs extending, 3 isotopes need to be done

Laboratory Workshop J. Pearson 18 Caltech ¢ Oct 19-20 2006
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Five atom molecules

¢ Five Atom Molecules

— Known Molecules C., C,;H, C,Si, I-C;H,, ¢c-C;H,, CH,CN, CH,, HC;N, HC,NC, HCOOH,
H,CNH, H,C,0, H,NCN, HNC,, SiH,, H,COH*

 Red = Not in Catalog
— Each isotopomer and vibrational is a separate spectroscopic problem
— Vibrational data is scarce

— Isotopic data is lacking on many species

Laboratory Workshop J. Pearson 19 Caltech « Oct 19-20 2006
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Status known five atom molecules (1/2)

Molecule |V's M K Freq Isotopes Y's N,K Freq JPL CDMS

Cs* None None None No dipole

CaH nu? 2nu? 31, 300 GHz C4pD =[] 32, 300 GHz Yes
13CCCCH =() 30, 300 GHz Yes
C13CCCH |v=D 30, 300 GHz Yes
CC13CCH |v=0 30, 300 GHz Yes
CCC13CH =0 30, 300 GHz Yes

C4Si V=[) 48, 150 GHz None Yes

|-C3sH2 V=0 18, 5. 375 GHz |H13CCCH2 =0 18, 5, 375 GHz Yes
I-C13CCH2 =() 18, 5, 375 GHz Yes
I-CC13CH2 =() 18. 5. 375 GHz Yes

nuZ, nu3, nus,

c-C3H2  |nub 28,23, 410 GHz |None Yes

H2CCN  |v=0 14.6, 284 GHz |None Yes

CHa* None None CDH3 V=0 2,1, 280 GHz [Yes Mo dipole in CH4, paper in prep
13C3D

HCaM lots 89 810 GHz DCCCN nu? 25, 220 GHz Yes
H13CCCN 5 states 70,616 GHz Yes
HC13CCN |5 states |68, 615 GHz Yes
HCC13CN |5 states |68, 615 GHz Yes
HCCC15M |5 states |69, 610 GHz Yes
Doubles =) Yes

Laboratory Workshop
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Status known five atom molecules (2/2)

Molecule [V's N K Freg Isotopes V's N K Freq JPL CDMS
HC:NC  |nu7, nub, nus |27, 327 GHz None Yes
HCOOH |c-, t-,¥=0 20,5, 295 GHz |DCOOH =0 30.7, 375 GHz |Yes Yes more data available
H13CO0H =[] 30,9, 375 GHz |Yes Yes
HCOOD =0 25.7. 375 GHz |Yes Yes
180, 170
HzCNH =0 33.6. 110 GHz |H213CNH V=0 4.1. 110 GHz |Yes
H2C15NH =0 4.1, 130 GHz |Yes
H2CHND =0 13.3. 130 GHz |Yes
DHCNH
HDCNH
HzCz0 =0 39.9, 785 GHz |H213CCO =0 18.7, 365 GHz Yes
H2C13C0 =) 19,7, 365 GHz Yes
HDCCO = 26,7, 330 GHz Yes
H2CC180 =0 20,7, 383 GHz Yes
D2CCO =0 26,10, 340 GHz Yes
HZNCN  |v=0 52,1, 472 GHz |None Yes
HMC3 =0 5. 47 GHz None Yes
SiH4™ None None None MNo Dipole except D
H2COH+ |v=D 9.3, 382 GHz H213COH+ =0 6,2, 220 GHz Yes
D. 180
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S atom molecule work remaining

Vibration band of C; and its 5 13C isotopes are
needed

C,H and 5 isotopes need to be extended, isotopes
require low lying states (10)

C,Si need to be extended, S isotopes need to be
done

1-C;H, and 3 isotopes need to be extended, D
needs to be done

c-C;H, needs to be extended, 4 isotopes need to
be done

H,CCN need to be extended, 4 isotopes need to
be done

Distortion and combination bands of CH, need
to be done, CH;D need to be extended, 13CH D
and CH,D, need to be done

DCCCN needs to be extended, vibrational states
of isotopes are needed (25)

L 4

H,CNC needs to be extended, S isotopes need to
be done

HCOOH need to be extended and have
vibrational states included, 3 isotopes need to be
extended, 4 Oxygen isotopes need to be done

H,CNH and 3 isotopes need to be extended, 2
others need to be done

5 isotopes of H,CCO need to be extended, 1’0
needs to be done

H,NCN needs to be extended, 4 isotopes need to
be done

HNC,; needs to be extended, S isotopes need to be
done

SiH, should be included, 2 isotopes should be
included

H,COH™ needs to be extended, 1 isotope need to
be extended, 4 isotopes need to be done

Laboratory Workshop
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Six atom molecules

¢ Six Atom Molecules

— Known molecules C;H, I-H,C,, H,CCH,, CH;CN, CH;NC, CH,OH, CH,SH, HC;NH",
HC,CHO, NH,CHO, C.N, I-HC,H, HC N, ¢-H,C,;0, H,CCNH

 Red = Not in catalog
— Each isotopomer and vibrational state is a separate spectroscopic problem
— Vibrational data is scarce

— Isotopic data is lacking on many species
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Status known six atom molecules

Molecule \'s N K Freg Isotopes ' N I Freg JPL CDMS

CeH =[] 59, 284 GH:z CaD =0 b, 284 GHz Yes Yes
13C

I-HzC4 W={] 41.3, 367 GHz |I-H213CCCC |v=0 3.1, 27 GHz Yes
I-H2C13CCC |v=0 3.1, 27 GHz Yes
-H2CC13CC |v=0 3.1, 27 GHz Yes
FH2CCC13C |v=0 3.1, 27 GHz Yes

CaHs™ Mone Mone None Mo dipole

CHsCN nud 85,22, 1.4 THz |[13CH3CN =0 50, 14, 620 GHz [Yes perturbation not in catalog
CH313CN =0 50, 14, 620 GHz |Yes More data Koln/JFPL
CH3C15M =0 30, 12, 440 GHz |Yes
CH2DCN W={ 45, 14, 470 GHz |Yes

CH3MC Y=[] 7,6,140 GHz |None Yes Known Poor =600 GHz

CH30H Vi=1 20,8, 1 THz 13CH30H  [vi=1 20,8, 1 THz Yes Known line strength prolem
CH2DOH JPL has data
CH3180H Data available
CH30D Data available
CD2HOH Some OSU data
CD30H Data available
170, 13C&Ds Mo data

CHa5SH None None None Data available

HCsMNH. =0 4, 36 GHz None Yes

HCzCHO =0 23.14, 188 GHz |[None Yes

NH2CHO V=[] 4,2, 84 GHz None Yes

CsN =0 6, 17 GHz None Yes

[-HCaH* Mone Mone None Mo dipole

l-HC4MN =0 7. 33 GHz None Yes

c-H2C30 V=[] 24,12, 250 GHz |[None Yes

HZCCNH =0 Low J, freq None Yes
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6 atom molecule work remaining

5 13C isotopes of C;H need to be done, bending
modes (3) of C;H are needed

I-H,CCCC needs to be extended as do 4 isotopes
DHCCCC needs to be done

HDCCH, needs to be done, H,C, and 3C needs
to be checked for distortion allowed and
combination bands

CH,;CN need to include more vibrational states,
perturbation with nu8, 4 isotopes need extending
and nu8, doubles (6) need to be done

CH;NC needs to be extended, 4 isotopes need to
be done

CH,;OH needs to be extended to J=45+, v=2,3,4
Vop need to be included as do torsional
transitions, 13C needs extended, all combinations
of isotopes are needed, singles should include
vt=1 at least, dipole needs to be fixed

CH,SH needs to be done, 6 isotopes need to be
done

HC,NH" needs to be extended, 6 isotopes need to
be done

HC,CHO needs to be extended, 7 isotopes need
to be done

NH,CHO needs to be extended, 6 isotopes need
to be done

CN needs to be extended, 6 isotopes need to be
done

Vibrational band of I-HC H needs to be
included, as to 5 isotopes

I-HC /N needs to be extended, 6 isotopes need to
be done

¢c-H,C,0 need to be extended, 6 isotopes need to
be done

H,CCNH needs to be extended, S isotopes need
to be done

Laboratory Workshop
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Seven atom molecules

¢ Seven Atom Molecules

— Known molecules C.H, CH,CHCN, CH,CCH, HCN, CH,CHO, CH,NH,, ¢-C,H,0O,
H,CCHOH

 Red = Not in catalog
— Each isotopomer and vibrational state is a separate spectroscopic problem
— Vibrational data is scarce

— Isotopic data is lacking on many species
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Status known seven atom molecules

Molecule |V's N K Freg Isotopes V's N K Freq JPL CDMS

CeH =0 79,220 GHz |13CC5H V=0 8, 21 GHz Yes Yes
C13CC4H V=0 8, 21 GHz Yes
C213CC3H |v=0 8, 21 GHz Yes
C313CC2H |v=0 8, 21 GHz Yes
C413CCH V=0 8,21 GHz Yes
C513CH V=0 8,21 GHz Yes
ChD V=0 b0, 158 GHz Yes

CHzCHCN |V=0 26,17, 210 GHz|CH2CH13CN |v=0D 3.2, 30 GHz Yes
CH213CHCN |[Vv=0 3.2, 30 GHz Yes
13CH2CHCN |[v=0 3.2, 30 GHz Yes
CH2CDCN V=0 3,2, 30 GHz Yes
15N, Dx2

CHsCz2H nui10,nus 55,14, 920 GHz|CH3C2D V=0 29,18, 451 GHz Yes
CH2DC2H V=0 33.12, 467 GHz Yes
13C

HCsM v11=0-4 y9 7 |182, 457 GHz |DCEN V=0 190, 456 GHz Yes
H13CC4N V=0 73,189 GHz Yes
HC13CC3N  |v=0 71, 187 GHz Yes
HC213C2N V=0 71,188 GHz Yes
HC313CCN  |v=0 71,188 GHz Yes
HC413CN V=0 2, 190 GHz Yes
HC515N V=0 2, 187 GHz Yes

CH3CHO V=0 12,3, 120 GHz [None Data available, more at JPL

CH3NH2 None None None Data available

c-CzH4O V=0 50,30, 357 GHz|None

HaCCHOH  |s-, a- 25,5, 110 GHz [None

Laboratory Workshop

J. Pearson 27

Caltech ¢« Oct 19-20 2006



AP0

7 atom molecule work remaining

"7

®
/)
Q

¢ 5 BCisotopes of C;H need to be extended ¢ 8isotopes of c-C,H,O need to be done
¢ CH,CHCN need to be extended as do 4 ¢ H,CCHOH need to be extended, 8 isotopes
isotopes, 3 isotopes need to be done, 3 low need to be done

lying vibrational states are need

¢ 2isotopes of CH;CCH need to be extended,
3 13C isotopes need to be done

¢ CH;CHO need to be extended to J=50,
vt=2, 6 isotopes need to be done, low lying
vibration is also needed.

¢ CH;NH, need to be included, 4 isotopes
need to be done. Low lying torsion and
inversion need to be done. New physics is
inolved
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8 atom molecules

¢ Eight Atom Molecules

— Known Molecules CH,C;N, HCOOCH,;, CH,COOH, C.H, H,C,, CH,OHCHO, I-HC H,
CH,CHCHO, CH,CCHNC

 Red = Not in Catalog
— No isotopic data

— No vibrational data
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Status known eight atom molecules

Molecule \'s N, K Freg Isotopes |V's N K Freq |JPL CDMS

CH3C3N V=0 70,15, 290 GHz |None Yes

HCOOCH3 =0 50,30, 550 GHz [None Yes More data available
CH3COOH None None None

C7H =0 122,195 GHz |None Yes

H2Cb =[ 7.1, 18 GHz None Yes

CH20HCHO =0 5525, 355 GHz [None Yes

l-HCBH* Mone MNone None Mo dipole
CH2CHCHO V= 20,18, 179 GHz |None Yes

CH2CCHCN =0 34,20, 179 GHz [None Yes
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8 atom molecule work remaining

¢ CH;C;N need to include low lying ¢ Bending mode of I-HCH needs to be done,
vibration, 6 isotopes need to be done as do 7 isotopes

¢ HCOOCH; (methyl formate) needs to ¢ CH,CHCHO need to be extended, low
include v=1, 8 isotopes need to be done lying vibrational states need to be done, 9

isotopes need to be done
¢ CH,;COOH (Vinegar) need to be included
and extended to v,=3, 8 isotopes need to be ¢ CH,CCHCN needs to be extended, low
done lying vibration states need to be done, 8
isotopes need to be done
¢ 8isotopes of C-H need to be done

¢ H,C, needs to be extended, 7 isotopes need
to be done

¢ CH,OHCHO needs to include low lying
vibrational states 10 isotopes need to be
done
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9 atom molecules

¢ Nine Atom Molecules

— Known Molecules CH,C ,H, CH,CH,CN, (CH,;),0, CH;CH,OH, HC-N, C.H,
CH,C(O)NH,

 Red = Not in Catalog
— Only one (HC,N) with any vibrational data

— Minimal isotope data

— Very thin coverage
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Status known nine atom molecules

Molecule V's N K Freq Isotopes W's N, K Freg JPL CDmMS
CH3C4H V=[] 55.15, 224 GHz[None Yes
CH3CH2CN  |V=0 |65 36, 610 GHz|13CH3ACH2CH |v=0 5.3, 55 GHz Yes vt=1, out of plane bend at JPL
CH313CH2ZCN |v=0 5,3, 55 GHz Yes
CH3CH213CN |v=0 5.3. 55 GHz Yes
CH3CH2C15N |v=0 5.3, 55 GHz Yes
CH2DCH2CN [v=0D 5.3, 55 GHz Yes
(CH3)20 V=[] 23,5, 224 GHz |None Yes Data available, more at Koln/JPL
CH3CH20H |v=0 30.10, 500 GHz|None Yes JPL data to1.b THz
HC7N nul5=0-2 |211,225 GHz [DC7N W=0 13, 15 GHz Yes
H13CCBN =0 13, 15 GHz Yes
HC13CCaN  |v=0 13, 15 GHz Yes
HC213CC4N  |v=0 13, 15 GHz Yes
HC313CC3N  |v= 13, 15 GHz Yes
HC413CC2N  |v= 13, 15 GHz Yes
HC513CCN  |v=0 13, 15 GHz Yes
HCB13CN W= 13, 15 GHz Yes
HCY 15N =0 13, 15 GHz Yes
CEH V=0 85, 99 GHz None
CH3C(O)NHZ2 |None None None
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9 atom molecule work remaining

¢ CH,C,H low lying vibrations are needed, 7 ¢ 9isotopes of CgH need to be done
isotopes are needed
¢ CH,;C(O)NH, need to be done, 8 isotopes
¢ CH,CH,CN requires 6 vibrational states, S need to be done
isotopes require extending, 2 require doing
(vibrational states are new physics)

¢ (CH,),0 requires extending and both v=1
states, 4 isotopes (D is new physics)

¢ CH;CH,OH requires extending, vy,=1,
Veps=1, 8 isotopes (torsion is new physics)

¢ 9isotopes of HC.N need extending
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Ten and Large atom molecules

¢ Ten Atom Molecules

— Known Molecules CH,C;N, (CH,),CO, (CH,OH),, H,NCH,COOH, CH,CH,CHO
 Red = Not in Catalog

— No vibrational data

— No isotopic data

¢ Eleven & Large Atom Molecules

— Known Molecules HCy)N, C.H,, C,H-OCH,, HC{;N
 Red = Not in Catalog

— No vibrational data

— No isotopic data
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Status known 10+ atom molecules

Molecule \'s N, K Freq Isotopes V's N K Freq |JPL CDMS

CH3C5N =0 25,6. 40 GHz |None Yes

(CH3)2C0O None None None Data on vi=1 available
(CH20H)2 alzg', Gy’ 50,20, 350 GHz |None Yes

CH3CH2CHO |None None None

11 atoms

Molecule V's N,K Freg Isotopes V's N K Freq |JPL CDMS

HCSN =0 18, 11 GHz None Yes

CH3C6H V=0 259,40 GHz [None Yes

12 atoms

Molecule \'s N K Freq Isotopes V's N K Freq [JPL CDMS

CeHE™ MNone MNone None Mo Dipole
C2H50CH3 None None None

13 atoms

Maolecule \'s N, K Freq Isotopes \'s N, K Freg |JPL CDM3S

HC11N =0 43,15 GHz None Yes
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10+ atom molecule work remaining

¢ CH,;C.N need to be extended, 8 isotopes
need to be done, low lying bending mod
are needed (>3)

need to be done (D is new physics), at le

(CH,),CO need to be included, S isotopes

€S

2
ast

the lowest two torsional states are needed

CH,;CH,CHO need to be included and
extended to higher frequencies, 9 isotop

€S

need to be done, low lying vibrations (>3)

and torsion should be done

HCyN needs to be extended, 11 isotopes
need to be done, low lying bending band is
needed

CH,;C:H need to be extended, 9 isotopes
need to be done, lowest bending band is
needed

IR puckering band of C.H, should be
included

C,H;OCH,; needs to be included, 9 isotopes
need to be measured, lowest torsion and
vibration need to be measured
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What has not been considered

¢ Lines of “expected species”

— Chemical models require many molecules to work

- E.g. NHY, NH,", NH;*, NH,*, NH, CH,*, CH;, CH;*, CHs", OH", OH",
— Maetal hydrides and oxides likely is late type stars and shells
— PAH molecules

¢ Little data on potential larger molecules in the 480+ GHz range!
¢ Less data on vibrational and torsional transitions

¢ Majority of problems require spectroscopy before it is possible to catalog

— Only a hand full have high quality data available
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Summary

¢ 60 diatomic molecules need to be measured or have additional measurements
¢ 120 triatomic molecules need to be measured or have additional measurements
¢ 100 4 atom molecules need to be measured or have additional measurements

¢ 130 5 atom molecules need to be measured or have additional measurements

¢ 130 6 atom molecules need to be measured or have additional measurements

¢ 60 7 atom molecules need to be measured or have additional measurements

¢ 95 8 atom molecules need to be measured or have additional measurements

¢ 709 atom molecules need to be measured or have additional measurements

¢ 70 10+ atom molecules need to be measured or have additional measurements

¢ Total is 835 pieces of spectroscopy and/or cataloging are need

— Priorities should be considered carefully
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