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Why hydrogen surface chemistry in space?

Very abundant in space
hydrogen / heavier elements (C, O, N,..) > 103

Easy to migrate on the grain surfaces at very low temperatures

lighter particle generally migrates faster. (physisorption case)

Efficient tunneling reactions

Wave nature of particle becomes more prominent
with decreasing mass and temperature.

N

Activation barrier



Our research on hydrogen surface processes

® Formation of formaldehyde and methanol on ASW
AWV

amorphous solid water
CO - H,CO-d, — CH,OH-d. system PROUS SOIEW

(e.g. Watanabe et al. 2004; Hidaka et al. 2007, 2011; Watanabe & Kouchi 2008)

® Water formation on the surface at 10 K

- O, it HO, L H,O, L H,O + OH (incl. isotope effect of tunneling reactions)
(e.g. Miyauchi et al. 2008; Oba et al. 2009)

- thermal OH+H, — H,O+H (incl. isotope effect of tunneling reactions)
(Oba et al. 2012, in press.)

® Ammonia formation on the surface at 10 K

H H H
* N— NH — NH, - NH; (Hidaka et al. 2011)

® Physicochemical processes of H atom on ASW

diffusion, recombination, nuclear spin temperature
(Watanabe et al. 2010; Hama et al. 2011)
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Main components in an ice dust mantle & comets

(from Gibb et al. 2004; Bockelée-Morvan et al. 2004)

W33A  NGC7538 Elias29

_ . Comet
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o Gas phase
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LASSIE

H,0O, CO gases
Capillary plate
D, lamp Deflector (J
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AAbsorbance
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Effective rate of CO + H (H,CO formation)
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Effective rates of CO + H, D (H,CO, D,CO formation)
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ASW enhances the reactivity at the higher temperature !



Two factors for enhancing the reactivity

Tunneling reaction probability P,:

2a
keff o B =z, v exp [_? (2u E, )]

/ <

Residence time of adsorbed H Barrier transmission probability
= for rectangular potential

ad i .
KT 1 depending on barrier shape

., =V, exp[—
ev O
ASW surface may change

the potential shape
to enhance the reactivity !

/

ASW enhances the reactions !
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A Absorbance
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H,0, (D,0,) & H,0 (D,0) DAERGERE
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RIGERTERLIZASW (L) vs. H,O&EBZASW (T)

Wavelength / um Wavelength / pm
4 6 8 10

264 266 2.68 2.7 272 274

HZOl 0,/H~0.002, 20 K No dangling feature

/
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Wavenumber / cm-2 IS5 B ASW I pore, crackhN 73y,

Oba et al. 2009
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no activation barrier

no activation barrier

(1) (2) H_
H (3) H: A
e 4
£, 200K T
4|0 OH+H,—>HO+Hat10K ;18002160 K
It is also efficient ! (Oba et al. 2012, in press) (7) H
) 6) i
O- H """" > HO, H > H205
Reported barrier in gas phase Dominant route in MC

50 ~ 200K or 1200 K

Cuppen & Herbst (2007)
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Interstellar atomic D/H ratio ~ 10 (e.g. Linsky et al. 1995)
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HD

HDO| HDS D,S HDCS

DCN DNC [NH,D NHD, ND,| DC,N DC.N N,D*
DCO*lHDCO DZCO\ up to ~0.3 Cat1R#E(K) cf. comets ~0.02
|CH,DOH CHD,0OH CD,OH CH,OD| upto-0.4 EEE&E !

CH,DCN C,b C,D CH,DCCH H,D* CH,;CCD
CH3D: cometd# (Kawakita & Kobayashi 2009)
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e Gas phase models ~N

HD/H,~10- (#1#34%#: cosmic ratio)
Hy* + HD > H,D* +H, ———=> H,D*/H;*>> HD/H,~10"

s
\ _» producing methanol-d in gas phase Y
- Gas - dusts models ~N
H,.D*+e¢e—H,+D —D /l H atom ~ 0.1 >> HD/H, after 104 yr
D + CO on a surface — methanol-d
\ Multi-deutera®9 speceies, like CD;OH ? y

EMERORIGIZESIFHLWLVETILANKNE !
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AAbsorbance

H,CO + D on ASW at 15 K

CO or HDCO H 2CO
1 min ‘ ‘ ‘
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+ D on ASW at 15 K
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D,CO + Hon ASW at 15 K
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DCO HCO
1 (a.u.)

D,CO «~— HDCO ~—

CD,0 CHD,0 CH,DO  CH;0

/ \ \

CD,OD CHD,OH CH,OH

5 (au)

® Important factors of tunneling reaction

- Activation barrier

- Effective (abstraction) & reduced (addition) masses of reaction system




D + solid CH,OH (4ML) at 10 K

Increase
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fol#%, HE#: (CH,OH-d, — CH,OH-d ) [EFEEZ 5% ?

- B HRIERE
CH;OH-d, + H —» CH;OH-d_,_, + D : endothermic.

CBIERE + AMOBE: HESIZRLTLES CH.OM-,

CH,;OH-d, + H— CH,0-d, + H, (abstraction of H) —Ih

V faster
V

--» CH;0-d_ ,+ HD (abstraction of D) —H

Lendvay et al. 1997 CH;0H-d,

Finally, CH;OH-d, + H — CH;OH-d__; + X is inhibit or slower



{al# Me-OD [ZR5NZELNV?

Explanation for the abstraction & addition case

Activation energies in ascending order (gas phase)
Kerkeni & Clary (2004)

Me-side D + CH,;0OH 7 CH,OH + HD
bstracti
TN H 4 CHLOH — CH,OH + H,
A
( A
abstraction |
H+ CH;OH — CH;0 + H, : endothermic
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N(X) / N(CO),
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Methanol + methanol-d
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[Successive addition + H-D substitution]
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Comparison to the observations

Methanol np/Ny ~ 0.1, ny~1 cm3
CH,DOH CHD,OH CD,OH
Observation| 0.3+0.2 0.06+0.05 | 0.02+0.01
This work 0.13 0.11 0.03
Formaldehyde

HDCO D,CO
Observation 0.14 0.05
This work 0.44 0.034




EfEXRARIGR YT —2(CO-H,CO-CH,O0H%R)

0.08 1

Hidaka et al. 2007 / Eb\ Watanabe et al. 2003: 2004; 2006
DCO HCO

~04—/m\ Ny 1

Hidaka et al. 2009
~0.7 D,CO HDCO H,CO 05

m /Eb\ /Eb\Hldakaet al. 2005

/ \//\\//\\/N

CH,OH-d, CH,OH- d3 CHBOH d2 CH3OH d CH,OH
Nagaoka et al. 2005

Green: observed species in MC



|sotope effect of reaction OH + H, —» H,O + H

Oba et al. (2012) in press.

Reactivity strongly depends on the “effective mass” of reaction

OH OD

H,| [HD  HD |D, H,| |HD HD! |D,
H p o i [>p p e [ Np
H,0 HDO D,O

Red arrows: effective mass=0.47

Black arrows: effective mass=0.9

Reactivities for “black arrows” reactions are negligible...
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% H,CO=»HDCO = D,CO— CD,OD
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CHD,OH
% CH,OH = CH,DOH =» CHD,OH = CD,OH

® CH, H,0,NH; + DIR FCIFEBMFRERIC TSN

® CH;NH,DEERTIEH-D, DoHE#OMNAHNRRERERLRS. RICRELNEE



