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We theoretically investigated physisorption on ice Ih and ice XI surfaces, because the physisorption states of adsorbates play im-
portant roles in the chemical reaction on the interstellar medium, which generally consists of ice, with the extremely low temperature
(10 K) condition. In this paper, we focused on hydrogen molecules as adsorbates because hydrogen is the most abundant element in
space. At first, we briefly reviewed the way to treat the van der Waals interaction in density functional theory. We also showed the cal-
culated adsorption states of hydrogen molecules on ice Ih and ice XI surfaces. We found the non-local correlation functional, which can
treat the dispersion interaction, improved the potential energies of physisorbed hydrogen molecules on ice Ih and ice XI surfaces.
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Table 2 |2k XI OEHE T FIVF— BT EB O - 1
BIBAS R 3. KXTIZk W ThkIh & RIERDOZ
- HBAVIBI AR L, revPBE +vdW-DF 2\ 5
BRABIC TS R b 2 2354 - FHESBEB O A G bE TH
LI EHDhD

INOLOFBERERENP O HHY, HEREINTWHEE
FEE%L & FERATAEBIMNEIEIT & CORITHK L THIRAICE
NIkERE 5 2 b Tlidv. flziE, 7OV 7 K TIEER
fiti & DF AKX\ optPBE +vdW-DF i3, K 6 &I
WC kD ERELEFLETE TH S CCSD(T) & k< —%

Table 1 Calculated cohesive energies and lattice constants of
bulk ice Th. Experimental values of cohesive energies and lat-
tice constants are obtained from Ref. 39 and 40, respectively.

Cohesive Energy Lattice Constant (&)

(eV/H,0) . )
LDA —1.146 8.30 6.75
PBE —0.668 8.78 7.16
PBE-D2 -0.771 8.65 7.06
PBE-D3 -0.762 8.68 7.08
revPBE +vdW-DF —0.587 9.07 7.40
optPBE + vdW-DF -0.704 8.86 7.22
optB88 +vdW-DF -0.732 8.71 7.10
optB86b + vdW-DF -0.738 8.68 7.07
rPW86 +vdW-DF2 —0.649 9.01 7.35
rev-vdW-DF2 -0.716 8.72 7.11
experiment —-0.58 8.99 7.32

Table 2 Calculated cohesive energies and lattice constants of
bulk ice XI. Experimental values of cohesive energies and lat-
tice constants are obtained from Ref. 41 and 42, respectively.

Cohesive Energy Lattice Constant (A)

(eV/H;0)

a b c
LDA -1.147 413 7.20 6.76
PBE —0.668 437 7.60 7.15
PBE-D2 -0.769 432 748 7.05
PBE-D3 —-0.760 432 751 7.06
revPBE +vdW-DF -0.591 452 785 7.37
optPBE +vdW-DF -0.705 441 7.68 7.16
optB88 +vdW-DF —0.735 435 756 7.11
optB86b + vdW-DF —0.746 434 755 7.09
rPW86 +vdW-DF2 —0.653 451 7.83 7.34
rev-vdW-DF2 -0.716 435 7,55 7.10
experiment -0.614 4.47  7.86 7.29
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Table 3 iCk Th &k XI O —H )V EH OB L+ IV
F—RET. BEEMK XL O —Y)VEIIRERTTH
D, KIh X—1)VH & g L RHEER T IV F—HRE W
CEBbhb. T, GEIEE £V PBE 5 EBOIRIE
% 7o Ac L - MBIVLBIE CREIZAL T L F —RETE—K
LTEY, FAPRTIVF—3KERBEGRSZEATHD
DENOREI N S WEEZ BN .

Table 4 {20k Th &K XTI ORX—H )V L TOKES T OR
FVUY R IVIFRIVF—%RT. GTROFFEICHEHL Tk
LDA i, o & LIFEFICKELERTV v IlT
FNF—%E 2 TW5A. £/, PBE RS NEZERDIADT

Table 3 Calculated surface energies of ice Th and ice XI sur-

faces.
Surface Energy (meV/A2)
Ice Th Ice XI
LDA 22 79
PBE 12 49
PBE-D2 16 58
PBE-D3 16 58
revPBE +vdW-DF 11 43
optPBE +vdW-DF 14 52
optB88 + vdW-DF 16 59
optB86b + vdW-DF 16 60
rPW86+vdW-DF2 12 45
rev-vdW-DF2 15 56

Table 4 Calculated potential energies and potential anisotropy
of H, at the most stable adsorption configurations on ice Th
and ice XI surfaces.

Wig\Wich, NEERF VYV e VIRV F—%" 52 5. —
T, EIWIEZIT - 72856, KIh &k XIX—9)VHE E
TORTF VY % VT FIVF—F-58056 —113 meV FE T
D, PBEOFRIVEKELRRTF VY v VI RIVF—%
G2 Tw5

Fig. 1(a), (b) 1Tk Ih XR—H )V L TOKED T ORE
EWEME R, o - FEEABEKIC BT K
FH TR E—Y A MICWEL, KES THZEmICEH L
TWALBERTHAICT 255N RLEETHS. Fig. 2
Q) ICIR L EREREIC B ABTHEE MRS, KED
FERERMMCEH L /oK FROHAEERICE BT 5720,
KFE5r T Lok Th I R OMER IR T %38 5 Wi = OET%E
BRLTWA. KERTF-KTh EEHBERFEIE3A/RE
BENTEY, ¥/, KESTF L RABEERTEICE T L RE
LTHFAELTELY, KBERKARIEEINTWRWT 534
Mh. Fio, KESTELEREBOBTBELHFLEL . O
NHDEMD, KIhXN—H)VHE L TKED TSR
RETHAHC ENGro Ttz KESFFREMBFIIR I
B L T2 D, KRS FIE0 FEGMICHRL 2T <,
RERBICEHL LTSRS TR 2 RTESBICE DD
FThIComEiEl LEEb L TWhWablHstEZ2bNS. 2D
L&, KESTORLBEIC BT A KES TET i OR

(a)
¢
R
© 37 3l @ g
:b e’ v
A
e & ‘ Y Y
- ufs 50! [- Sj ,/,;f:,

Fig. 1 Atomic structures of the most stable adsorption con-
figurations of H, on ice Ih ((a) diagonal veiw and (b) top
view) and ice XI ((c) diagonal veiw and (d) top view)
surfaces. White and black balls indicate hydrogen and oxyg-
en atoms, respectively. Black lines indicate the supercels we

R K N considered.
Potential Energy Potential Anisotropy
(meV) (meV)
IceIh  Ice XI Ice Ih Ice XI (a) 5
[(a s )
LDA -153  —153 -40 ~45 | /@ B
PBE —48 37 ~29 ~31 | . g
PBE-D2 -97  -83 ~34 —42 | 2
PBE-D3 -106 -95 -32 -41 (@) 2
revPBE + vdW-DF -97 -85 -22 -31 | = =
optPBE+vdW-DF  —113  —104 —27 -25 .
optB88 + vdW-DF —87 —87 —98 —39 Fig. 2 Cross-sectional views of spatial electron density distri-
optB86b + vdW-DF —90 _77 _99 _39 bt.léilon of I—é%\;)nD(Fa}Z) iée Th andt . (b) ice )ZI sttlr(fiacles oblgaineg
PWS6+ vdW-DF2 _g0 _76 _% _a4 with rev—v - Cross sections are adopted along Hy an
top-most oxygen atoms. Contour lines of electron density in-
rev-vdW-DF2 -74 —58 -31 —-34 dicate 0.2 e/A3.
252 —( 14 )—— J. Vae. Soc. Jpn.
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Fig. 2(b) IC I EREMEIC ST ABFEESM AT T.
T, KEST EKXIREmMCEHR L /2KFERTRY
MBEFETF = m5MH EOBFHEYRL T b, KERF-
k XTI REAZEFFRIE2.8 A BEHENTH Y, KIhX—
JVIE & FRICKRFE S F-FEMEICKEE A IR SN TE S
¥, KESFLREBOEBEFBEOALEL L. CNHDH
M5, K XIR—H )V BB THKRES T WFERAE IR
RBTHALHT EDghrolz. £, RFvy v VR GHIIB X
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FEoFilERINIGBEIOHEERTHS. COLE, K
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E#32x102V/m2 Chb. ZIhb, KXIX—H)LEE
DOKFEHFIIROT— A MITHEL, WTFNOBERTICL
AL TWeWA, KEEBIC &KV KERSE & AREICKE
DFPGBRL TWAIZEDRDNS. CNHLORERLD, KE
S EOKFERENZ 5818 =, nz K Th X—H )L
ETCREERKD TORIIES & 2 ICHR SN2 KES T
OGS BEOMENER, K XIR— )AL TIIEEES &+
NUCFHE I N/oKFES FOSBEOHETIER N B &, Pk
ELTCWALI R ot

KIZINHOERME FICHE VT, BFvy v VRN KE
ST OEERIRRBICS 2 5 EICEB T %. Fig. 3ICRT v
Ve WERITEDFEET 56 OWE T R)VF — & o5 F iR T
FIFE—BNOBRREZ RS, 2T, Vo bV, (<0) 13
RF VY % VTRV F—% KFE S FHEIORFIZ DWW T
Legendre Z#THAX TR LB EDO0KR L 2K S TH
N8B BREBER THS. b, TMTIE 3 EMR
LTwi (J=1,M=0, £1) #, (J=1,M=0) & (J=1,
M==%1) O2O0TF)VF—MEMIIHFTZL, (J=0,M=0)
E (J=1, M=0) MO FEERL )VF—%THHEER
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J=1, M=0,+1

Eaa(1,£1)

E.4(1,0)

V,=0 V,<0

Fig. 3 Rotational energy level diagram for /=0 and 1.

Table 5 Calculated adsorption energies of Hy, and D, on ice Ih

surfaces.
Adsorption Energy (meV)
J=0 J=1
M=0  M=-0 M==x1
DA H, —99  -110 —94
D, -107 —118 ~102
H, ~19 —27 ~15
PBE
D, —22 ~30 ~18
H — — —
PBED? ) 58 67 53
D, —62 —72 —58
PEEDS H, -7 —79 —66
D, —74 - 83 ~70
H, —66 —72 ~63
PBE + vdW-DF
Ry D, -71  -77 68
H, —85 —92 —81
{PBE +vdW-DF
op vaw D, 88 ~95 —84
H, —56 — 64 —52
¢B88 +vdW-DF
opEReSTY D, 60 67 56
H, —62 -70 58
tB86b + vdW-DF
op v D, —65 —72 —61
H, ~59 ~66 56
PWS86 + vdW-DF2
TPWEG6+vaW D, 63 170 60
H, —42 -51 38
~vdW-DF2
e D, 46 54 42

6 ICZENZE K Th X—Y )L &K XI XN—T )V ETD Hy
L Dy OFEEHEMOWRE T RIVF—%RT. VyldKFEK
FORT VY % VT RIF =0 KL 70 5 RAE L E TOfE
oL BRSOk ST WS AR L E 2 B A ETL
BRI 7 BV 7 7 AKER L TEERIICHE S 7z Dy D
W T IVFE— (~55meV)4 & il L 7284, rev—vdW-
DF2 A b EBRE L —H LR 252 TS ERbh
%, Zhid, RKEESGCREMKS T ORTES /2 Tk
<, BEINOKEGTTORBICHSEL TWDLI EamEEL T
W5,

5. &H YIS

AT, MEEZE - BIEIROKKE ETOlLs RIS
AHL, DFTICED B FHEE FRE A2V 7ok#E
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Table 6 Calculated adsorption energies of Hy and D, on ice XI

surfaces.
Adsorption Energy (meV)
J=0 J=1
M=0 M=0 M=+1
H, -102 -114 —96
LDA
D, -109  —120 ~102
H — —
PEE ) 3 12 1
D, -7 ~15 -3
PEED H, —41 ~52 ~35
D, —45 ~56 ~39
H, —51 —62 — 46
PBE-D3
D, —56 —67 —51
H, —48 -57 —44
PBE + vdW-DF
revPBE £ vdW D, -53 -6l 49
H -6 ~74 — 64
optPBE + vdW-DF 2 7 7
D, —73 - 80 ~70
H, —45 —56 —40
tB88 + vAW-DF
P v D, ~50 ~60 —45
H, —38 —47 —34
tB86b + vdW-DF
oPHBEGD VAW D, 43  -52 -39
H, 38 —47 - 33
PW86 + vdW-DF2
! ¥ D, 42 -5l 38
H, -20 ~29 ~16
~vdW-DF2
revy D, ~25 ~34 ~20

i L COKREDFREREBOWFESI A BN L7z, BB
EIERFTHBEER OB A G DR-IC IV RT VY v VTV
F—DOREIPIEREENTSL0D, EWHEMITIEFER
DOWEIRFEDFER % 525 2 Loz DI, Kk
TR ELEAVESE, ERilh L O-E» S AW
LB SRS A ERB 5. BAEEDOE A, ST L L
RBASTETFIVOKOEMICHE H I 5854613 revPBE +
vdW-DF, KEREGAEERVBRET ARV TS B AT
rev-vdW-DF2 DR WEREZ 52 5 LG o7z. —7,
BE 2 AL ROGIC DWW TEMIC IR L /oW E, —D D%
B BRI O A G DY & AW ERIc LD, FH
TR EE 25 EHIFETES. 5813, COXOnFETH
WOKZERHE ETORE « T b R ITEBRE DFHEIC & B iE LR
BEDRPC, BILE ThAHIKKRRETFHROBET XA T IV A%
EETHT LT XD KR ORI W TEER v x
VRNVRIR YOS TE L. £/2, TEIVT v AKER
DEFOIEEICK X L RERTEYS LI L O KESTFOBAL
VIRHEMEEI NS C ERRESIN TS, CO LDk
B\ Th, REAEHLTTIVTROIES C Lk,
DFT iC D Hi—REETIRED KIS F-REHDOHEL
TEREMRET 5 LIk, AV VIERRBRICK I 2HE
TR EIG AT LR TELY. KT TRN L BRI
FEFEIIRLY: - MIBRERERFO AL B, REbly:, W
2, AbE RN WIS E R RE R RN s S D TH D,
SRk 2 e T CEEEZHEL T SHIfFL TW 5.
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