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Growth (and destruction) of COMs 
with ion-molecule reactions 
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Outline
� Introduction: ions in space - chemical reactions 

with ions

� Reactivity of CH3
+ with but-2-yne (C4H6)

� Selective generation of CH3CN+ / CH2CNH+ radical 

cations and reactivity with C2H4

� Destruction of COMs by collisions with He+

Selected examples from our lab:
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Ion chemistry in space

W Geppert, M Larsson 113, 8872-8905 (2013)

e
n

e
rg

y A+ + B

A+ B

Usually fast and 
barrierless

Chemistry of the Early Universe

Diffuse and dark coulds

Protostars

Planetary 
atmospheres and 

ionospheres



Chemistry of Titan’s atmosphere (I)
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Complex CnHm
+ and 

CnNkHm
+ ions (up to 100 

m/z) by INMS

V. Vuitton et al. (2014), Chemistry of 
Titan's atmosphere, in “Titan: 
Interior, Surface, Atmosphere, and 
Space Environment”, Cambridge 
Univ. Press

Heavy positive ions (up to 
350 m/z) at ∼1000km

F.J. Crary et al. Planet. Space Sci. 
57 1847 (2009)
J.E. Wahlund et al. Planet. Space 
Sci. 57 1857 (2009)



• Molecular growth/aereosol 
formation starts in  the 
ionosphere

• ion chemistry plays a 
relevant role (also to explain 
density of neutrals)

• heavy cations and anions 
drift towards the lower 
levels of the atmosphere

• ion recombination →
organic compounds →
aereosol

primary products

N, CHx Nx
+, CHx

+
primary products

Nx
+, CHx

+

secondary  ions CxHyNz
+ , CxHyNz

-

Dissociation Ionization

Neutralization (ion-electron, cation-anion 

recombinations)

N2 and CH4

Sunlight

energetic 

particles

tholins (CxHyNz)   organic haze
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S. Atreya &al. Science 316 843 (2007) ; Lavvas &al. PNAS 110, 2729 
(2013); E.C. Sittler &al. Plan. Space Sci. 57 1547 (2009); ibid 57 1857 
(2009)

Chemistry of Titan’s atmosphere (II)
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Ion-molecule reactions
e
n
e
rg

y

A++B

AB+
(1) AB+

(2)

C+ (- H)

TS (1-2) TS (2-3)

D+ (- H2)

E+ (- CH4)

new bond formation, exothermic, barrierless

covalently bound adducts

AB+
(3)

F+ (- …)

Charge Transfer

Bond Forming (C-C, C-N)

BCA+ A BC+→→→→+ +

→→→→BCA+ CAB+ ++

Proton transfer HA+ AHB+→→→→+ +B

Growth of complex molecules



Reactive cross section
σP (ECM)

Each scattering experiment is characterized by:

Branching ratio

k = <σP· vrel>

Reactive scattering experiment

� Collision Energy ECM

� Internal Energy 
(quantum state)

Single Collision Conditions
BC

A+

C

AB+

Rate constant k (T)

A+ + BC
AB+ + C
AC+ + B

[AB+]

[AB+]+[AC]+
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Ionization reaction
mass 

selection
cooling

mass 
selection

A+
mixture 
of ions

B

C+, D+, etc.

Quad 2

detector
Oct 2

Quad 1Ion 
source

Oct 1

collision energies

pressures

Measurements at variable:

Ion sources:
Electon impact/CI
Soft ion osurces:
APCI and Electrospray ESI

Guided ion beam mass spectrometry
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Octupolar ion guide: a 2D trap for ions

+

Trapping of ions is not possible with 
electrostatic fields (saddle point only)

Trapping is possible in a fast oscillatory 
electric field

(MHz range for trapping molecules) 

neutral 
target

low energy (meV- eV) ion beam



1
s
t 
It

a
lia

n
 W

S
 o

n
 A

s
tr

o
c
h

e
m

is
tr

y
 -

F
ir

e
n

z
e

 1
0

-1
1

 M
a

rc
h

 2
0

1
6

Ion generation via photoionization + 
reactive monitoring
neutral partner

Quad1 detectorOct1 Oct2 Quad2

VUV light
reagent ion product ions

neutral 
precursor

neutral 
partner

M+ product  
ions+

The CERISES set-up @SOLEIL synchrotron
DESIRS beamline (5-40 eV)

Chr. Alcaraz 
& his team 
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Reactivity of CH3
+ with C4H6

m/z 67

Reactivity with

CH3
+ + CH3CCCH3

C. Puzzarini &co. Planetary Space 
Sci. (2013) 87, 96-105

V. Vuitton et al. (2014) «Chemistry of Titan's atmosphere»

CH3
+ (30-50 cm-3 @1100km): 

key role in the formation of 

complex HC on Titan

c-(CH3)2C3H
+

+ 

H2
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Role of CH3
+ internal energy on reactivity

VUV photoionization of CH3

radicals from a molecular 

beam flash-pyrolysis source

TRENTO setup CERISES setup

Dissociative ionization of 

acetone in an electron 

ionization source

CH3COCH3
+

CH3
+

«uncontrolled» internal 
excitation

«controlled» internal 
excitation
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Experimental results -1

CH3
+ + C4H6→ C4H5

+ + CH4     H
- abstraction 

→ C4H6
+ + CH3  CT 

→ C2H3
+ + CH4+ C2H2

→ C3H5
+ + C2H4

→C3H3
+ + 2CH3

→C3H3
+ + C2H4+H2

→ C2H5
+ + C3H4

→C5H7
+ + H2

new C-C bonds

Complex 
mediated 

molecular growth

Trento setup ECM=0.7 eV
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Experimental results -2

Cross sections at 

increasing photon 

energies (at fixed 

ECM=0.3 eV)

1. Internal excitation 
of CH3

+ changes 
with photon energy

2. Reactivity depends 
on the CH3

+

excitation

A.E. 10.8±±±±0.2 eV
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Experimental results -3

Cross sections as a function of ECM (at fixed 

photon energies =10 eV)



54 m/z
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Reaction 

mechanisms

DFT: M06-2X/cc-pVTZ
G. Tonachini, A. Maranzana 
University of Turin energies in kcal/mol

C2H2 loss

intermediate

C3H5
+

propargyl
C3H3

+

CT H-

abstraction 

C2H5
+

kcal/mol

C5H7
+

C5H7
+
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Isomer-selective generation of 

CH3CN+• / CH2CNH+• radical cations

� [C2H3N]+• + C2H4



The CH3CN+/CH2CNH+ isomerization
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10

11

12

13

14

15

e
n

e
rg

y
 ,
 e

V
Upon ionization acetonitrile can 

isomerize into the keteneimine cation

CH3CN+ (X)

CH3CN+ (2A1)

CH3CN+ (2E)

CH2CNH+

CH2CN+ + H

+ C2H4

CH3(CH2)2CN+

butanenitrile

G. De Pretis et al. JPC A 109  
(2005)

J.L.Holmes et al. 
Assigning Structures to 
ions in MS, CRCPress 

2007

J. C. Choe IJMS 235  (2004)
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Internal energy of CH2CNH+
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At selected photon energies 

CH2CNH+ can be generated with 

a certain amount of internal 

excitation, but not enough to 

isomerize to CH3CN+
CH3CN+ (X)

TS

CH2CNH+

(+ C2H4)

CH3(CH2)2CN+0.49

0.0

0.78

G4 calculations
M. Polasek
AVCR Prague



Reactivity of CH2CNH+ with C2H4

CH2CNH+ + C2H4→ CH2CN + C2H5
+ ∆H = +0.83 eV
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Proton transfer

Charge transfer

CH2CNH+ + C2H4→ CH2CNH + C2H4
+

∆H = +1.79 eV

Proton transfer 
channel

Ecoll(CM) ~0.1 eV

Effect of internal 
excitation

CT is never 
observed
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CT decrease at opening of isomerization/el.excitation:  
at hν<12.8 eV the ion beam is essentialy CH3CN+

• Reactivity 

dominated 

by CT

• DT more 

likely at the 

opening of 

electronic 

excitation and 

isomerization

Reactivity of CD3CN+ with C2H4

CD3CN+ + C2H4→ CD2CN + C2H4D
+ ∆H = -1.5 eVDT

CT CD3CN+ + C2H4→ CD3CN + C2H4
+

∆H = -1.7 eV



CD3CN+ + C2H4: new C-C bond formation
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Products formally corresponding to loss of D and D2 from 
an adduct are observed from the CH3CN+ isomer but 

NOT from CH2CNH+



CH3CN+ + C2H4: C-C bond formation
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M. Polasek et al. JPCA  (2016) in press, Casavecchia and Laganà 
Festschrift DOI 10.1021/acs.jpca.5b12757

[adduct-H]+ and  [adduct-H2]
+

from CH3CN+
e
n
e
rg

y
 ,

 k
J
/m

o
l



CH2CNH+ + C2H4: no C-C bond formation
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M. Polasek et al. JPCA  (2016) in press, Casavecchia and Laganà 
Festschrift DOI 10.1021/acs.jpca.5b12757

[adduct-H]+ and  [adduct-H2]
+

from CH2CNH+



Implication for Titan chemistry
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Protonated nitrile (m/z 68)

1) C3H5
+ + HCN→ C4H5NH+ +hν radiative association

V. Vuitton et al. Icarus 2007 191, 722−742.

Proposed formation mechanism:

2) C2H5
+ + C4H5N → C4H5NH+ + C2H4

HCNH+ + C4H5N → C4H5NH+ + HCN
proton transfer

CH3CN+ + C2H4→ C4H6N
+ +H

Our additional 
suggestion:
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Dissociative charge transfer of 

CH3OCH3 (DME) and HCOOCH3 (MF) 

in collisions with He+ ions
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Formation Mechanisms

N.Balucani et al., M.N.R.A.S, 2015, 449, L16-L20.

Combined grain and 
gas-phase chemistry

Destruction Mechanisms

� photons

� cosmic rays

� ion-molecule reactions

� fragmentations by 

energetic ions (H+, He+

C+)

� protonation (by H3
+, 

HCO+, H3O
+) 
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He+ plus DME
branching ratios Total absolute 

cross sections

our values
OSU 2009
model

OSU 2009 model 
(@ 280K)

missing
CH3OCH3

+
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He+ plus DME: PES modelling

inner valence 
orbitals of DME

In collaboration with Fernando 
Pirani (Univ. Perugia)

curve crossing

CH2
+ + H + CH3O + He

CH3O
+ + CH3 + He

HCO+ + H2 + CH3 + He

CH3
+ + CH3O + He

Y.R. Miao et al., JESRP, 2014, 193, 1-5
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He+ plus MF

OSU 2009 
(@ 298K)

missing
HCOOCH3

•+

branching ratios

our values
OSU 2009
model

Total absolute 
cross sections

OSU 2009 model
@280K



Conclusions
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� Reaction of CH3
+ with CH3CCCH3 leads to 

new C-C bond product C5H7
+ in two different 

isomeric forms 

� Photoionization of adequate precursors 
(CH3CN and butanenitrile) is a good way to 
obtain pure CH3CN+/CH2CNH+ isomers 

� Absolute cross sections and BR for 
destruction of DME and MF by collisions with 
He+
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