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Molecules in the ISM? Typical
Scales

“Size” of a diatomic molecule, r ≈ 2 Å = 2·10-8 cm

Cross-section (surface) σ = π r2 ≈ 10-15 cm2 

Typical speeds v ≈ 0.1 km s-1 = 104 cm s-1

Collision rate ϒ = σ · v = 10-11 cm3 s-1

H2 density in dense clouds n(H2) ≈ 105 cm-3

Time between collisions of two molecules t (s) ≈ 1 / (ϒ n) ≈ 2 weeks !!

Distance between collisions d = v t ≈ 100,000 km !!

SLOW chemistry,

Astronomers did not expect many molecules in space…



n

• Compare with this room: Tkin~300 K n~1019 cm-3

• Best laboratory ultra-vacuum chambers:

P = 2.5·10-11 mbar  ~105 cm-3

+ chemistry affected by presence of UV-photons, X-rays, Cosmic Rays, turbulence,
magnetic fields...

à ISM chemistry is NEVER in ‘thermo-chemical equilibrium’ (solve two
body reaction kinetics: A + B = C + D)

ISM
very low densities, often very low temperaturesà

conditions very different compared to Earth !!





Molecules in SpaceWhere? Which? How? Do they provide any astrophysical information?

About 250 different molecules found in Space, almost everywhere Tgas < 5000 K

H2 most abundant species, but actually not detected until 1970’s

• OH+, HF, CH+ simple hydrides à first steps of ISM chemistry

C3, C4, … HCN, HC7N … linear carbon chains

C6H6 benzene, simplest aromatic unit ... PAHs 

ND3, CD3OH doubly and triply deuterated molecules
• NaCl, AlCN, TiO … metal-containing molecules

• HCOCH2OH glycolaldehyde, simplest sugar + COMs

• NH2CH2COOH glycine, simplest aminoacid, but not detected in
ISM!







A + B

C +  D

activation energy

POTENTIAL ENERGY OF REACTION

typical neutral reactions

radical-radical reactions

ion-molecule reactions

k(T) = A(T) exp(-E  /kT)a

(Earth at sea level density~1019 cm-3)

(ultra-high vacuum chamber density~105 cm-3)



Gas phase reactions

A     + crp → A+ + e- Cosmic ray ionization
A+ + BC → AB+ + C Ion-neutral reaction
A+ + BC-→ AB  + C Ion-Ion reaction 

A+ + B → A + B+ Change transfer reaction
A     + BC→ AB + C Neutral-neutral reaction
A     + B → AB + h𝜐 Radiative association 
A+ + e- → A + h𝜐 Radiative recombination

AB+ + e- → A + B Dissociative recombination

complex molecules like the CH3OH can 
be formed in gas phase?



Formation models of Molecules
Ion-electron dissociative 
recombination reactions:

Fast, multiple products, 
inverse T dependence

Atomic ion-electron 
radiative recombination 

recombination:

Neutral complex stabilises 
by emission of a photon, 
about 1000 times slower 
than DR rate coefficients

Radiative association:

A+ + B → AB+ + hν

Photon emission more 
efficient as size of complex 

grows, therefore can be 
important in synthesising large 

molecular ions

CH3+ + H2→ CH5+ + h ν

k(T) = 1.3 10-13(T/300)-1 cm3 s-1

CH3+ + HCN → CH3CNH+ + h ν

k(T) = 9.0 10-9(T/300)-0.5 cm3 s-1



Radiative Association (very slow)

Bond probability = t_collision / t_radiate

(XY* =Activated complex)

XY



How do we form other gas-phase molecules ?

H2+ ( C, C+, O, O+, N, Si, Si+, S, or S+ ) → ???

let us consider the following 2-body reaction…

X + Y → XY* → XY + hν ??
Formation  Reaction 

H2CO + NH2 → H + NH2CHO
HNCO + H2 → NH2CHO (?)
HNCO + 2H —> NH2CHO 

( not feasible by bombardment)
Destruction  (included only on gas-phase )

He+ + NH2CHO → He + NH2 + HCO+

H3
+ + NH2CHO → H2 + NH2CH2O+

C+ + NH2CHO → N + CH3CO+

HCO+ + NH2CHO → CO + NH2CH2O+

Reacciones de formación



Owing to low gas temperatures ISM, the reaction will
occur if the change of energy is ‘positive’

in general, reactions should be

exothermic!!

For example, lets consider the reaction:
C+ + H2 à CH2+ + hv à slow, k ~10-13 cm3 s-1

what about:
C+ + H2 à CH+ + H

Is it exothermic?



The dissociation energy of H2 is 4.48 eV and that of CH+ is 4.09 eV

Reaction will proceed 
if we “add” 0.39 eV 

to the system
(about 4600 K).

This reaction is endo-
thermic and has 

low probability
to occur in the ISM 
unless Tgas > 1000 K

D (products) – D (reactants) > 0 → exothermic
< 0 → endothermic

C+ + H2à CH+ + H



The reaction

S+ + H2 à SH+ + H

Has even fewer chances to occur in the ISM 

D(H2)=4.49 eV and D(SH+)=3.5 eV

(endothermic by ~1 eV E/k~10,000 K)



However, the reaction

O+ + H2 à OH+ + H

can occur because D(H2)=4.49 eV, D(OH+)=5.1 eV and it is 
exothermic by 0.61 eV!

The reaction rate has been measured in the laboratory and is 
quite fast, k à 1.6 10-9 cm3 s-1

H2O



Molecular Formation  of “AB” IN DIFFUSE CLOUDS?

A + B à AB* AB* + Z à AB + Z

The interaction between two species (atoms or molecules) produces
an activated complex (AB*) that is unstable and has to loss energy
in a very short time, often similar to the vibration time of the
molecule nuclei.

While in the Earth, catalysers or a third body are available, in
space three body collisions are very uncommon because of the very
low density of ISM clouds.

AB* à A + B



DENSITY is TOO LOW in ISM CLOUDS…
3-BODY REACTIONS DONT WORK IN THE ISM (example: H2 formation)

Consider an atomic H cloud without dust grains and without radiation
field.

At t=0, the density of hydrogen atoms is n=n(H) and that of
molecular hydrogen is n(H2)=0. The formation of H2 occurs through the

reaction
H + H + H = H2 + H

with a k rate of 10-32 cm6 s-1

3-body reactions are only efficient for densities > 1012 cm-3 (not in
the ISM)

H + H + H = H2 + H DO NOT WORK!
( or H + H = H2 )

GAS-PHASE PRODUCTION OF H2 IS EXTREMELLY SLOW BUT H2

HAS BEEN DETECTED IN SPACE…



The role ofH3
* …

PROTON TRANSFER

H2 has a low proton affinity and the reactions of H3+ with neutral 
species (B) can produce a molecular ion BH+

H3+ + B à BH+ + H2

if the reaction is exothermic (except with H, N and He). e.g.,

H3
+ + CO à HCO+ + H2



DISSOCIATIVE RECOMBINATION

Molecular positive ions recombine with electrons to dissociate 
into neutral species (not by radiating a photon)

ABC+ + e- → BC + A

Reaction rates have a T -1/2 dependence!

Typical values for the dissociative recombination rate are
kDR ≈ 10-6 - 10-7 cm3 s-1 (fast!)

e.g. HCO+ + e- → CO + H

These reactions are very important in ISM even 
if n(e-)/nH ~10-4-10-8 (ionization fraction)



NEUTRAL-NEUTRAL REACTIONS & ENERGY BARRIERS

A + BC = AB + C
* Long-range attraction weak: van der Waals interaction ~1/R6

*Strong temperature dependence has been found for many 
of these reactions + activation energy barriers Ea

Ea

A + BC à (ABC)*àAB + C



O + H2 
OH + H2

= OH + H
= H2O + H

A(cm3s-1)
1.0 10-11
8.0 10-12

Ea(K)
5700 (E~-920K)

2100

k(T)=A(T) exp (-Ea /kT)

NEUTRAL-NEUTRAL REACTIONS (Energy 
Barriers)

H2O chemistry: needs high temperature conditions 
(e.g., shocks in protostellar outflows producing H2O)



In  dust we trust 

Gas-Phase formation:

H + H → H2 + hν very slow, insignificant in ISM

Grain surface formation?

“Grain surfaces are the watering holes of astrochemistry 
where species come to meet and mate.” (Tielens 2005)

Surface chemistry (cf. Tielens Lecture)





Remember that the separation between the ns and 
np orbitals increases with increasing atomic number.  
This means that as we go across the 2nd row of the 
periodic table, the amount of mixing decreases until 
there is no longer any mixing; this happens at O2.  At 

O2 the ordering of the 3sg and the 1pu MO’s 
changes.

As we go to increasing atomic number, the effective 
nuclear charge (and electronegativity) of the atoms 
increases.  This is why the energies of the analogous 

orbitals decrease from Li2 to F2.

The trends in bond lengths and energies can be 
understood from the size of each atom, the bond 
order and by examining the orbitals that are filled.

Diatomic molecules: MO diagrams for Li2 to F2Molecular Orbital Theory

2s-2pz mixing

Molecule Li2 Be
2

B2 C2 N2 O2 F2 Ne
2

Bond Order 1 0 1 2 3 2 1 0

Bond Length (Å) 2.6
7

n/a 1.59 1.2
4

1.0
1

1.2
1

1.4
2

n/a

Bond Energy (kJ/mol) 105 n/a 289 609 941 494 155 n/a

Diamagnetic (d)/ Paramagnetic 
(p)

d n/a p d d p d n/a

In this diagram, 
the labels are for 
the valence shell 
only - they ignore 
the 1s shell.  They 
should really start 
at 2sg and 2su*.



N. INostroza, C.cardenas, P. Fuentealba
Monthly Notices of the Royal Astronomical Society MNRAS 443, 3127–3133 (2014)

(0.31 eV)



Vibrational Analysis

Indicate if the structure is
•  a minimum (equilibrium structure – all real frequencies)
•  a maximum (transition state – one imaginary frequency)

•  higher maximum point (more than one imaginary frequency)

Also you can get
•  IR and Raman spectra

•  zero-point vibrational energy (ZPVE)
•  useful thermochemical quantities

•  Reaction rate coefficients
•  Tunneling corrections

Potential Energy Surface 



ΔECASSCF-MRCI =7.33 eV (169.203 kcal/mol), ΔEMRCI-MRCI+Q=0.379 eV
(8.748 kcal/mol

MRCI+Q/aug-cc-pV5Z para el ión CF+ versus la curva 
calculada con el método Rydberg-Klein-Rees (RKR)

CASSCF (10,8). 328 funciones de estado de configuración (CSFs)  792 determinantes, 3136 estados intermedios
MRCI N° de configuraciones internas:        328  N° de configuraciones singles:  144816   N° de configuraciones dobles:   486480



Harmonic vs. Anharmonic
Energy Levels

• The spacing between vibrational energy levels for a harmonic 
oscillator is a constant à ωk

• The spacing between energy levels for VPT2 decreases according to 
the anharmonic constants xkl



N.Inostroza*a, J.R.Letelier, P.Fuentealba, M.L.Senentd, Spectrochimica Acta Part A-Molec. and Biomolecular Spectroscopy, 71, 798 (2008).

OBSERVACIONES EN LA BARRA DE ORION
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Transiciones Rotacionales





At a stationary point, the potential can be expanded in
terms of force constants fij…, up to quartic level: (the s
could be any appropriate coordinates: Cartesian,
internal, normal, symmetry internal)
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For asymmetric tops, vibrational frequencies
(relative to ground state) are given by:
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SPECTRO

Lee J. T.



Quantum Harmonic Oscillator

where ωk is the kth eigenvalue (harmonic frequency) or normal mode 
and vk is the quantum number for the kth normal mode

GIF by Sbyrnes321 - Own work, CC0, https://commons.wikimedia.org/w/index.php?curid=14059905

HΨ = EΨ

H = T + V

where T is the kinetic energy operator and 

Lee J. T.



Anharmonicities – VPT2

and the energy levels are given by 

For the simplest treatment of anharmonicities, V is given by

where the xkl are the anharmonic constants 

= Fij

= Fijk

= Fijkl

Lee J. T.



Anharmonicities – VPT2

where φ are the 
force constants 

transformed into the 
normal coordinate 

basis and the Iea are 
the moments of 

inertia.

Lee J. T.



Especially, the vibrational fundamentals, first overtones, and
combinational bands are:
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Lee J. T.



PAH Anharmonicities: Anthracene

• The computed anharmonic relative IR intensities are also very good compared 
to experiment (except for the C-H stretch region)
• The C-H stretch region is dominated by resonance polyads – will be discussed 

in comparison to high-resolution experiments.
• Lee J. T. et al ApJ 2018

• The overall agreement 
between the anharmonic

spectrum and experiment is 
very good.

• Unlike the harmonic spectra, 
the anharmonic spectra are 

essentially not scaled. 
• The region from about 1600 –

2500 cm-1 is solely due to 
combination bands



Natalia Inostroza , Xinchuan Huang , and Timothy J. Lee. J. Chem. Phys. 135 , 244310 (2011)

Accurate ab initio quartic force fields 
of cyclic and bent HC2N isomers

The QFFs were used together with second-order perturbation
theory (PT) (SPECTRO) and variational methods
(MULTIMODE) to solve the nuclear Schrödinger equation.

The grids for each electronic state consisted of 743 distinct
geometries and these were used to fit our best QFFs.
CCSD(T) or RCCSD(T) /cc-pVX Z, X = 3,4,5,

scalar relativistic effects core-correlation correction



Natalia Inostroza , Xinchuan Huang , and Timothy J. Lee. J. Chem. Phys. 135 , 244310 (2011)



Theoretical Rovibrational Characterization of the cis/trans-HCSH and 
H2SC Isomers of the Known Interstellar Molecule Thioformaldehyde 

N. Inostroza-Pino, T. J Lee, C.Palmers and  R. Fortenbery, / Journal of Molecular Spectroscopy 369 
(2020) 111273 





Rivilla et al apj 2020
Inostroza  &senent ChemPhys 2012



FIT-ESPEC
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Inostroza, N., & Senent, M. L. (2012). Chemical Physics Letters, 52425-31.

Large amplitude vibrations of Urea in gas phase





Density functional theory (DFT) calculations at
the B3LYP/aug-cc-pVTZ level provide optimized
structures and the wave-functions needed to
provide the RCS values for the molecules
analyzed.





(Methanol)10-Ice-mantle



10 eV

N. Inostroza, D. Mardones, C.Cardenas, N. Arias, P. Fuentealba, J. Cernicharo, A&A, 2019



CH3OH + OH radical

CH3OCH2OH

CH2(OH)2



Reading

l More advanced astrochemistry chapters in “The Physics and Chemistry of 
the Interstellar Medium”, A. G. G. M. Tielens, ISBN 0521826349. 
Cambridge, UK: Cambridge University Press, 2005.
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