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ABSTRACT. The geometrical parameters, vibrational frequencies, and dissociation energiges; for=H
1~6) clusters have been investigated using high Evétitio quantum mechanical techniques with large basis
sets. The equilibrium geometries have been optimized at the self-consistent field (SCF), the single and double
excitation configuration interaction (CISD), the coupled cluster with single and double excitation (CCSD), and
the CCSD with connected triple excitations [CCSD(T)] levels of theory. The highest levels of theory employed
in this study are TZ2P+d CCSD(T) up t@'tdnd TZ2P CCSD(T) for i and Hs". Harmonic vibrational fre-
guencies are also determined at the SCF level of theory with various basis sets and confirm that all the opti-
mized geometries are true minima. The dissociation energiefar,,.,"(n=26) have been predicted using
energy differences at each optimized geometry and zero-point vibrational energies(ZPVESs) have been con-
sidered to compare with experimental dissociation energigs, D
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Fig. 1. Predicted geometries of,tt various levels of the-
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Fig. 2. Predicted geometries of;'Hat various levels of theory. Bond lengths are in angstrom(A) and bond angles are in

degrees].
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Fig. 3. Predicted geometries of,'Hat various levels of theory. Bond lengths are in angstrom(A) and bond angles are in

degrees.
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Ri= 0.890 R= 1.677 Rs=
0.887 1.685
0.889 1.689
0.886 1.695
0.886 1.692
0.883 1.698

Fig. 4. Predicted geometries of,'Hat various levels of theory. Bond lengths are in angstrom(A) and bond angles are in

degrees].
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3.

Hi(Cy)

%z

12.731 4 Ro)

rmemmmeearmsenam—eemes

Ri=0.884 R,=0.888 Rs=1.698 Rs=1.684 Rs=0.752 Rs=0.752 R;=0.745 6,=60.3 TZ2P CCSD(T)

0.890 0.895 1.678 1.641 0.753 0.753 0.746 60.4 DZP CCSD(T)
0.883 0.886 1.722 1.661 0.751 0.751 0.745 60.3 TZ2P CCSD
0.889 0.893 1.686 1.650 0.753 0.753 0.746 60.3 DZP CCSD
0.880 0.883 1.727 1.666 0.748 0.758 0.742 60.3 TZ2P CISD
0.886 0.890 1.691 1.655 0.750 0.750 0.743 60.3 DZP CISD

Fig. 5. Predicted geometries of,Hat various levels of theory. Bond lengths are in angstrom(A) and bond angles are in
degrees.

e 27l A3 7 09 Hi He 9l AAlgel ¢

3 247kel Dy(Dissociation energg #174 w23}

gk ofsfe® Abbgws) HslA] ok okt )24l -‘?43}04 Q3 ZPVE AL Sy = dgA el 8t
HelE Bk AAAHLE Hi 9 H, W] Ak el A 2AF FIFES odvAE Wi #E(nternal
W AR Hit o} 2A 2] ok AR Vel coordinateﬂ] H3ste] 27k mlEsle] 7 = glom, B
1}, H2} HiAbel2] oF3) Adlel] Hi8)l Aol R, % oke] 7h& 7AW ebAsl & (minimum structure)
R7F 747t 17068, 1.68R°2 HiMth ek 0IAHE 2 w8t} Hyi clusters N=2n+Tie] 972 ¥
ezl 7;4\ digEgiony, 3718 H 7K A=l Re 8] A3 Exjo]| =2 IN-o9] HHAQ 2% WAE
% R 27 1.73RA, 231A0 2 o&5o] guleln]  zheo} o5l A4 7t x]iuw,] A7t A
o e %101"1 AgJel|M 28]t §], ol o ) Il Hi= 3, He > 9, Hi - 150°]™ Hs

okl Ajelg R it AF74A] 43k o] &
78l 19973 Chermettesl] 23t A4t AjolA= R,
7 RZke] 1.670%, 1.63A 224 Hy 7} H3 o2} 7
o] E A1} M} ofzt g A E ‘/]'EM]M‘:]’
3hH o] 50| M Mol Rt Rell dish ol e}
v 1A eksket

Frequencies. 2§ 3= 43k 247} true
minimunmg)x] = o] Akl (transition stat€) xS &
Qe W A8, w3t o] & 2] ov|A] (DJk A
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2 200013 Hii -2 270, Hii & 327Ho]u‘r. °]% mode
Zof| S57) vield Aol deel, 2) o] telw AlA|
2 ZA81A] 9= Al (ghost state)Z Aoz Fl
5 ol AElE el B delre SCRIA W
2 #%E(internal coordinate) H3k vR)e] 27} W]

& sl Aoz Adsigom 7 o SCRAER
Sl Z23AE R A] °] 2314 (anharmonicity)

=9 o] & /EJ_@%} Hr} elupgo g oF 10U E =S
Aom edx] 9ok Table 190 Hani (n=1-6} 1%
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Hig( CZU)

£
.7?1.

12311 ARs)
3
.i ..... R:; ...... R6
'Ry NETONN
Rg (Rg) Y

»

¥

R;= 0.881 R= 0.887 Ry= 1.706 Rs= 1.684 Rs= 0.751 Re= 0.752 Rs= 0.745 6,= 60.6 TZ2P CCSD(T)

0.887 0.897 1.686 1.643 0.753 0.753 0.746 60.7 DZP CCSD(T)
0.880 0.887 1.714 1.696 0.751 0.751 0.745 60.5 TZ2P CCSD
0.887 0.897 1.693 1.653 0.753 0.753 0.746 60.7 DZP CCSD
0.876 0.883 1.705 1.720 0.747 0.747 0.741 60.5 TZ2P CISD
0.883 0.891 1.700 1.662 0.749 0.750 0.743 60.6 DZP CISD

Fig. 6. Predicted geometries of,Hat various levels of theory. Bond lengths are in angstrom(A) and bond angles are in

degrees].

FI5g TZ2P+d SCFFelA A4tsle] wave
number (cm) ©$IE vepfolon], B oke] Zhe-
722 local minimumT2YE & 4= 3l

H; ol w8k A% F3)4=3= stretching modd 3511
cm?, 712132 bending mode 2861 cmitE ¢ &gl e
], scaling facta® 0.9 =-&3}w, 3160 cm', 2575
cm 24 1987 Majewsk] stretching modd =3t
A&7k 3175 emt, 2831 1983 Okad] bending
model] &k A& 2521 cm’} wlwA A A7
& Bolek Hi ol 3 A1E FopelA w2 Hiell of
34 AgEe] 9l H2| stretching mode. 314 ®c},
olel #al 19884 Okumur&] A 3t 3910 cm>
2, B 72 4387 cmil| scaling factor 08 &3}
W A9 AAFE o 5 A =3 wrwis Hsring
o] A3t stretching}t bending mod& 3§43 4= 914
=), w Hi9 3511 cm'=HE 3605cmiz ¢F7h
Z7ls1gem, H 9] £ (degenerat&)e] )% bending
modé= 2580 cm®, 2461 cm'=. 2|7} Ao k7

25 9l ol HiolA Hak HiAkA
o Aol g wol golm e

F2). 3 we~we Hioll 2317 A o] gl Hell
o5 471 o 7He] modeZA] Hp8l Hi el A%
BEAA A 2=]3z vlA stretching modd Hooll
2]3} wagging, rocking=Z=] 3L twisting modé&-=. 3l
A% 5 AAe

Hy = Hioll 23k 709 H2) stretching] 4447 cnt,
4443 cm'el| Al vrebigom, HiellA 7 EAHE7H
stretching® bending] ws~w7F*] 3446, 2712, 2564
cA =2 d&Egie). ez wfE 1000 cm' o]}
o ZE2 H; 9 H.7re wagging, rocking, L®] 3
twisting modeE-22 44743} = ¢llc}. 19881 Okumura
o] AlY 7 ue] 3980 cnto®E oA w] Z 344
(anharmonicityys-& 372J3} scaling factor 08 4%
3 2 AA|sl Aol He-2 Hidll H7F 3 2
el gl7] Wil w~wbR1e] FhEe] 4472, 4467,
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Tablel. Vibrational frequencies of.k: (n=1~6) at the TZ2P+d
SCF level of theory

H3+ H5+ H7+ H9+ H11+ H13+

wl 3511 4387 4447 4472 4551 4548
w2 2861 3605 4443 4467 4477 4547
w3 2861 2580 3446 4467 4472 4492
w4 2461 2712 3400 4471 4487
wb 937 2564 2681 3421 4471
w6 721 822 2681 2709 3456
w7 596 759 753 2690 2759
w8 480 647 753 734 2694
w9 170 613 696 726 729
wl0 488 631 691 685
wll 455 596 619 666
wl2 385 596 577 575
wl3 141 402 557 571
wld 112 402 416 520
wl5 92 365 384 437
wl6 160 372 417
wl7 103 356 395
wl8 103 196 329
wl9 91 164 284
w20 91 156 199
w2l 69 116 187
w22 113 169
w23 111 160
w24 101 150
w25 86 146
w26 73 142
w27 38 121
w28 109
w29 100
w30 94
w31 60
w32 42
w33 41
4467 cm* Eo]m), HiollA 7t BalE7ke] stretching

bending] w~w7H=] 3400, 2681, 2681 ciiiz. <l|Z5
o}, 19884 Okumur&l Hs <] u,~v.ll w8t A&zt
& 4020 cne & 94| scaling factor 08 #-4-3ha
A dx|El= AR Ho) ot 1 99 okt A7
& 3= Hi o HA RS FHPES 0mwaEA
1000 cm* ©]3}8] ZF=E AALES .

Hi o) A5 Folie Hiol b, 417 2] sled
2 7R FE= HIF AR Yeld T, AR 27}

= Hell A8k we] 4551 cmite] ZheE ol &g}, o]
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= A HaARe] 21§ 91424585 ecmit)el] 243k 3k
L2 Hpoll B 3l Hell vl ¥R o s 4%
2ol Q&S v} wewre Hiol H3 FER
3421, 2709, 2690 cite]t}. Hi ol M= Hidl 32
H7} binding =} 137 2 £¢ %1% FulEe] 4492,
4487, 4471 el A, 22T ] €] oz 7)o
H7F binding Fe] gl&-2 2 glsll 4548, 4547 cmisl]
AA 19 H,9 stretching] si%3l= 3= (peaky}
EAskaL Fhe] Hiol il peak 12|l 2519
1000 cm'e] 3} ¥ 20| EAEHA Ht.

Dissociation Energies.Table 20| 7+ cluste&2] <3
A Ag AR (ZPVEE a3k, AZPVE: %
7 7o AAksle] kcal/mol vieh oivt

A(ZPVE) =
ZPVE Hn.1)—{ZPVE H, 1) +ZPVE H)}

ZPVE= AR #j2] ouA](D)E A 32 (Do)t ¥l
7] flste] TR, B A7ellME SCRE
A 23 TR S AAEE F 0.9 scaling factor
2 Ahgsle] u] 234 (anharmonicity) 58 H.¢3}e]
A(ZPVE)*E VeERIde). 38 H,n.i (2Sn<6) complex
ol A3l sfE] SviR(DJ= ZH7be] 2 A sE EAF
Fof| M9 o] x] AZNE] Axbseh &, Hi 7k Hi
H:2 a2 S 735 De(Hs) E(Hs){E(H: FEH}E T
& F °l‘:‘r °] % CISD W& AAdaiaA &5
, size consistenci-A7} sleiA] Ak
A EkA o) tﬂcﬂxh:} 22} coupled cluster(CCl
]iﬂ_i size consistency-#7} L3R ok

P A welelar 3 4= gl webA
7V 3o 59 AAkS Hi7BR1= TZ2P+d CCSD(T)
olm Hii¢} Hyel Alsire TZ2P CCSD(T)550l
o} o] o] & FF|A AAkE 7] ofv]A] FH(D)E
ZPVE A& 33t DR 37 Table 300 viehil4d
2w, AF7hA 9] o & W Alg A e} v}

Hi9l 2] olux)= 1970388 7] o] & |
Alg3ke] oF 5~10 kcal/motte] oA -2 =& =2
Shot 2 plwA el AFAAE Alw R 1983
Elford 5+ 2]3}ed 5.8+1.2 kcal/mol? ~22]32 ®]$=3}k
A)71el] Beuhlers<l] ¢J38le] 6.6+0.3 kcal/mot® 28]z
1987 Hiraoka 59l 2]&}e] 6.9+0.3 kcal/mai. 23k
ek gk AlF el o| E3ke R 198K+
Schaefers<l] ¢]3} full Cl AAFS_Z 5.45 kcal/mog-
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Table2. Zero-point vibrational energies(ZPVESs) in kcal/mol for the hydrogen clustgis(n#1~6) at the DZP, TZ2P, TZ2P+d

SCF levels of theory

DzP SCF TZ2P SCF TZ2P+d SCF
ZPVE A(ZPVE) A(ZPVE)* ZPVE A(ZPVE) A(ZPVE)* ZPVE A(ZPVE) A(ZPVE)*
H: 6.64 6.56 6.56
Hs 13.30 13.26 13.20
Hs 23.05 3.12 2.77 22.88 3.05 2.75 22.78 3.03 2.75
H7 31.96 2.28 2.03 31.73 2.29 2.06 31.63 2.29 2.09
He 40.34 1.74 1.55 40.09 1.80 1.62 40.00 1.81 1.65
Hi 48.12 1.15 1.02 47.79 1.14 1.02 47.72 1.16 1.06
His 55.75 1.00 0.89 55.43 1.08 0.97 55.45 1.17 1.07
A(ZPVE) : obtained fronZPVE H,,.,)-{ZPVE H,,_;)+ZPVE H)} .
A(ZPVE)*: applied scaling factor of 0.90.
Table 3. Dissociation energies (in kcal/mol)dndD, of H,..'(n=1~6) at various levels of theory
Hes H7 He H.t His
De (Do) De (Do) De (Do) D. (Do) D. (Do)
DZP SCF 556 (275) 3.65 (1.60) 311 (1.54) 096 (-0.08) 091  (0.01)
TZ2P SCF 561 (283) 385 (L77) 326 (164 114 (0.11) 1.07 (0.11)
TZ2P+d SCF 567 (295 387 (1.81) 330 (1.67) 118 (0.13) 1.13  (0.07)
DZP CCSD 776  (496) 407 (2.02) 355 (1.99) 115 (0.12) 1.10  (0.20)
TZ2P CCSD 764  (490) 472 (2.66) 406 (254) 162 (0.60) 158  (0.61)
TZ2P+d CCSD 809 (5.37) 470 (2.64) 416 (2.53)
DZP CCSD(T) 803 (5.23) 411 (2.06) 3.60 (2.04) 118 (0.15) 112  (0.22)
TZ2P CCSD(T) 791 (5.17) 482 (276) 416 (254) 169 (0.67) 165 (0.68)
TZ2P+d CCSD(T) 844 (571 479 (2.72) 427  (2.64)
Previous Theories 794 (5.26f 372 (0137 337 (1.53} Dy(H11")+Dg(H;5")=2.08"
834 (5.45)
Experiments 6.9+073 3.310.2 3.2+0.2 1.72+0.2 1.64+0.1
6.6+0.3 3.1+0.7
5.8+1.2

a: reference 22: 6-311G++ CCSD(T), %:HH," + 2H,
b: reference 20: Estimated (6s3p) full Cl

c: reference 19
d: reference 18
e: reference 17

Aeraled 3P 19971 Chermettesll 2)3le] 6-311G++
CCSD(T) ==l 4] 5.26 kcal/mof- Ex3algct? 2
ATel|lA TZ2P+d CCSD(TH54llA] 5.71 keal/mak-
&)%Y o] Elford Sl 23+ A3zl w5 &
dA sl 2HE He] 90}

H7 ¢} Hsx HiAPAE dof gl IR Hot
shd ofalA AEE FEE 2 9lorm A e
E H; ¥} qbAd o] Wof=xlvlar s5v}. Hr ¢F He
3]2) of|L1R] (Do)t TZ2P+d CCSD(BIA 2+ 2.72

kcal/mok} 2.64 kcal/ma 79 w]$=3F eFA-& 71A]
= Hie} vlaslel 7)o AN ER R4l Ak
vrebi el Hr o] gt F2 o] 27 ZHEAME
19974 Chermettes-¢l| ¢]3}ed Dol 3.72 kecal/mol
(15.55 kJ/mol) 28] 32 D¢kl 0.13 kcal/mol(0.54 kJ/

mol)& HxF gl ov} ?? o= ZPVE HA o]

A2selA

v} ofwl A7) glgiwl Ao R Helv) w3 xS
Alg)zke 7 19833 Elford £l ]38+ 3.1+0.1 kcal/mol?
22)3 19874 Hiraoka 5% ¢]8l 3.3+0.2 kcal/mol
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<Rt AgE 2R Ha(n=1-6) compleel] T3t &= o] 2 o l4shd o7 411

BB e} vlad] 2 dxgea sk Hs ol
s 199741 Chermette’s-9] o] ZA4 4k 2 153
kcal/male. ol|&=]g] 0w 2 A5l gk o # = 108%] Hiraoka
5% 9J3t 3.2+0.2 kecal/mole] s R
£ A7AFE Hi 9k He o] A= B of Al
4w FARE A 9 ARRS ehsic)

A SR AT AL A Hiid His e obH 4
F3 g3l o] & A7} R A ok Aol B o]
F7} 7P e 5] o] ZA|Ake 2 A TZ2P CCSD(T)
oA D= 1.69, 1.65 kcal/motZ2] 32 D= 0.67,
0.68 kcal/mal. #¢] w53l A S 2H= A0 R o
ZHAeh AF 7HA] WEF o] B AAke R 19923
Farizons9l| £]3le] TZP CISDs<¢l|4] DZko] 0.96,
0.89 kcal./mai. #3%3}e3 21} size consistency-#| o
ol AFH=7F Hoixm 2 1997 ChermetteS-<l] 2]
slo] 22 $F, & 6-311G++ CCSD(BIA A4k
8193 ot Hypoll st AAk Aekee] Hi ek Hize
a2 olvix] (D)2 322 2.08 keal/med- HEsisich?
g sl AdAA=zA 1987 Hiraokaso] Hil
of] tdled 1.72+0.1 kcal/mol, 28] Hjel tsfiri=
1.64+0.1 kcal/meg HE3lGeL" 2 A7A3E= AY
72Xl ¥1sle] Dggkel <k 1 kcal/molA= A o 2=

=9 o]+ o3> E3} ¥ basis set superposition error

(BSSE} 37 S0 7jAlE 4 Q& Aoz Alads,

7 e

Hzns series(n=1~8)] sl 52 FFellA] ZAF +
&, AF Tk, 223 2] oflvA] 55 Akl
BAFFE Hi 7 E= TZ2P+d CCSD(THEolA
2 Hiz Hisell disir= TZ2P CCSD(T) 57}
2 HAsteid e G712 o] & 9 Al o3k B
318} Zro] H7bAlR= Hie| A4 HAAe| Hyb 44
22 AgE o™, Hi# Hiiollre H7b 4
we] 9], ofellel] B} ofsAl AjH e Qi TEE R
of Fole}. Z12u} Okumuras> v}, Pauls*%] <2
g o2 Abgme] vuiE ¢, ol Hy ZdEe 3l
= Zlo] e}, Abzhege] ¥ FellA] of 1.064A (H.1),
1.73A (H:$) A= HeiAl 9x|ellA §, ofellz oF 2.3~
27A o] Sl TR AFHAG. £F o] &2 23
of wf-§- oF5}7] wiFol| AZeA] H7F A AFEA
A5 & Aem e, vebA Adgew ¢
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=9 S5 AE3] WAse AL 44 g& AR
|25}, 3 2% F94 oJ2] basis seiA] SCF
e g Aitslglon, Z QoA FHAsE BE B
AFFZE0] local minimum1%4& gelslgc}. =31
Aol 2Jale] #2=E fundamental frequengy W] w4
2 ARl o EFE d%em, o] ZhEe) scaling
factor 0.6 #-83t ZPVES 3=3}4] slig] <=1 (D,)
AARE . Hoet (n=1~631 3L szl v=1(D,)
A2 7 2| G719 o] & |l Adgks 2t UdA)s)
AAE ddvl. HI ¢k Ho AR 719 wisedt o
= 713, #2] oA Doy Hs o} Blasle] of A
LR Zhashs AeS Ve Hi9k His &
AME vl S 7, 2 EE] VA7) HY
o} Hs # vlmsle] 2t oA 2h4she AS Vel
et o= Hoell F7k2 ZAjte: HE2| ot A3
AEE eplie Aoz IAEAAN AEH A 1
Ak o] AX|FE A BoFEr).
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