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Importance of H3
+

Almost an entire separate chapter on Chemistry, Physics and Astronomy

Most abundant ionic species in hydrogen 
plasmas.

Crucial role in first stages of stars formation

Largely investigated:

(i) Spectroscopy
(ii) PESs
(iii) Reactive scattering

Both k(T) and dynamics in terms of E 



Chemical clock: The o-H2(odd j) abundance is key to estimate the 
age of interstellar dark clouds which lead to form stars.

D/H ratio ~ 1.5·10-5 in the vicinity of Solar System. This value is supposed to 
remain for HDO/H2O, N2D+/N2H+ etc…

However ND3 and CD3OH have been detected at abundances 1010, 1015 larger 
than expected.

Why? Grains depleted from newborn star at the center of the core.

Modelling the time for those species (D) to disappear gives age of the protostar. 

Deuterium

o-H2 can react with deuterated species removing D. 
N2D+/N2H+ ratio increases when o-H2 abundance decrease

Study of o-H2 / p-H2 ratio !!    

o-H2



E. Roueff et al. Rate Coefficients in Astrochemistry 
Kluwer Academ. Pub. 73-85 (1988)

o-H2 conversion to p-H2 via collisions:

H+ + o-H2 → H+ + p-H2
H3

+ + o-H2 → H3
+ + p-H2

Formation of intermediate complex        Statistical methods for dynamics

H + H2 ?



A +BC → (ABC)  →   AB + C
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QM	calculation	of	probabilities
Ab	initio	PES



2. Experiments and dynamics: (D+ + H2, H+ + D2)



• Statistical	approaches	for	J=0-CRP	for:
D++H2	at	E	<	2.1	eV	Takayanagi	(00)
H++HD :	Kamisaka (02)

• Indications	of:
Short-lived	complex	

formation
low	energies	(	≤	3	eV	)

Direct	impulsive	mechanism
higher	energies (	≥	4.5	eV	)

Krenos (74);	Schiler (85,87);	Ichihara (00);

What we know from Theory



VT-SIFT:	Variable	Temp.	Selected	Ion	Flow	Tube	Henchman	81
GIB:	Guided	Ion	Beams	Ochs	Teloy	74;	Gerlich	92
DRIFT:	Drift	Tube	Villinger	82

Gerlich	et	al.	PSS	(2002)Gerlich	Adv.	Chem.	Phys.	(1992)

What we know from Experiment

Pioneering measurements of rate coefficients

Some differences with PST approach at large E 



What we know from Experiment

E.	Wrede

Rovibrationally	resolved	state	distributions	of	HD	are	close	
to	those	from	the	ion-molecule	reaction

Attempts	to	describe	things	statistically:

Wrede et	al. PCCP		7 1577	(2005)

H++D2 → HD+D+



What we know from Experiment

Song et	al. JCP		123 074314	(2005)

R.T.	Skodje

Indications	of	a	complex-forming	dynamics	from	the	
QCT	calculation:

…and	from	the	experiment:

X.	Yang

Ec = 0.526 eV

H+ + D2



H++D2(v=0,j=0)→D++DH
Carmona-Novillo	et	al. JCP	(2008)

Better	agreement	between	theory	and	experiment	at	sideways	scattering	(Θlab=52º)	
than	at	backward	scattering	(Θlab=9º)

Ec = 0.526 eV



Agreement	with	and	exact	TIQM	result	except	at	the	strict	forward/backward	peaks	

Failure	of	the	QCT	approach	↔ QM	effects



TIQM rate coefficients decrease as E decreases

SQM results agree with TIQM; same discrepancies with EXP



Rmax consistent with ρmax of the TIQM is only valid for Ec ~ 10-2 eV

Rmax 25 a0 Ec ~ 10-3 eV
Rmax 40 a0 Ec ~ 2 ∙10-4 eV
Rmax 70 a0 Ec ~ 10-4 eV

SQM

TGL,	Scribano	&	Honvault. J.	Phys.	Chem.	A	(2014)



Actual EXP vs Theory comparison with limits of validity for SQM and TIQM

TGL	&	Honvault. Int.	Rev.	Phys.	Chem.	(2014)



SQM slightly differs from EXP beyond 0.2 eV

TIQM shows the correct trend as Ec increases





3. State-to-state study of H+ + H2



Ec = 440 meV

Ec = 440 meV

TGL		et	al.	JCP	125,	094314 (2006)

Good	agreement	(forward/backward	peaks!)	 QCT	failure	as	J	increases

No	oscillations	in	SQM	result	



TGL		et	al.	JCP	125,	094314 (2006)

H++H2(v = 0,j = 0)





Numerous narrow resonances (even for the ICS!)

EQM

SQM

Prev.



H++H2(v=0,j)	→	H++H2(v’=0,j’)
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Still different behaviour at low T

MPS: Grozdanov	&	McCarroll		JPCA	(2012)

Still far from the TIQM rates



Chemical clock: The o-H2(odd j) abundance is crucial to estimate the age of 
interstellar dark clouds which lead to form stars.









o-H2 abundance variation with time 
for 3 values of cosmic ray ionization 
rate.

Arrows: OPR = 1, 0.1, 0.01

Pagani,	Lesaffre,	Honvault,	Jorfi,	TGL,	Faure,	A&A	(2012)

Deuteration acceleration:

With old rates

With new rates
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