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Structure and Stability of (MN),H,(M=Ga, In;
n=1-4; m=1, 2) Clusters

JI Yong-Jun WU Hai-Shun* ZHANG Fu-Qiang JIA Jian-Feng
(School of Chemistry and Material Science, Shanxi Normal University, Linfen 041004, Shanxi Province, P. R. China)

Abstract: Using density functional theory associated with B3LYP method with 6-31G* * and Lanl2dz basis sets,
the optimization of the geometries and the calculation of frequencies for (MN),H,, (M=Ga, In; n= 1-4; m=1, 2) clusters
were carried out, respectively. In addition, the most stable structures, binding energy of hydrogen atom, and energy gap
were obtained. The results showed that the ground state structures of (MN),H (M=Ga, In; n=1-4) and (MN),H,(M=Ga,
In; n=1-4) clusters were doublet and singlet states, respectively. When the number of hydrogen atom was one, the
isomer in which hydrogen atom was added in nitrogen atom was more stable than that in M(M=Ga, In) atom. If there was
a N unit, the isomers in which hydrogen atom was added in nitrogen atom of either side in N; unit were the same and
the most stable. While the number of hydrogen atom was two, except for n is equal to one, the isomer in which two
hydrogen atoms were added in nitrogen atoms, respectively, was the most stable. If there was a N unit, the isomer in
which two hydrogen atoms were added in the two farthest nitrogen atoms in N; unit, respectively, was the most stable.
Larger binding energies of a single hydrogen atom on small MN clusters and larger highest occupied and lowest
unoccupied molecular-orbital energy gaps for GaNH, (GaN);H, and InNH make these species have more stable.

Key Words: Density functional theory; Hydrogenated gallium nitride cluster; Hydrogenated indium nitride
cluster; Structure and stability
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rh RS /NG BIFEALN, 2, Ga, N, FlIn,N,>*
FIIFST, 22K Kandalam 46 A P79 X4 H (MN), (M=
Al, Ga, In; n=1-6) s K BH & 7 HFR AT T 8.
FH T AU B R AR A )N T A e B e 85 ) Hh A7 7
N, 8¢ N, 45 B 0G, B985 8 N—N BEFE A ALK
TR HH A G5 F T 1 R o T P VR . TV %
AV ERE S R LR RS R T
AT . BB Fu %8"9H B3LYP J7ik, Schailey
SEWH] HE A1 MP2 J7 sl i 0l vk s wi A s e b
VR BB T W A T o A ]
B3LYP J7 ¥ % (HAINH),(n=1-15) A 5% i 45 4 Fii £
SETESEAT T BRIS AT feilr, 4% 62 X B3LYP
7 (AIN)H,(n=1-8, 12; m=1, 2)F4 45 A4 F ik J5 F
17 T, R -V % A 5 S0 B 5% 76 5250 T
AR g 5, AEG R 5C S2 y 1) 3L ik A A e, JH:
Jer DR 3 X A R R B A ST RN AL . 25 R E) H
WA R SR AR EE IS, ASCR
FH#E 12 R 7124 (MN),H,(M=Ga, In; n=1-4; m=1,
2) TR I 25 48 B e AT T R G 0 8T, A4 ie Xt
HI-V % K P S0 s b (AL BRI 98 4 2L 048 5
B BT B Y M R K AR AR T
FERE.

1 HEHZE

fdi Ff] BSLYP J5 1%, 1£ 6-31G* * Fil Lanl2dz 7K F-
43513 (GaN),H,(n=1-4; m=1, 2)F1(InN),H,,(n=1-
4; m=1, 2)M & B REAY BY R4 T T LM PLAL. B —Fp
PRI 5 P ARBE R A5 A A T T RT3, 155
TSR AR 53 A7 e W Sl BL A AL B 34 R 34
AETH _F AR s, 11, (MN),H FT(MN),H,(M=
Ga, In)l A HEZ 43 BIEBCH 2, 4)FI(L, 3). 43
TAEYf ] Gaussian 03 F2 72, 76 1L PG IHyE K444
BB BT AR TR 1800 ik 5545 F 58 Ak

2 RS
2.1 MN#MNH,(M=Ga, In; m=1, 2)iJ JL{A+y &
(MN),H,(M=Ga, In; n=1-4, m=1, 2)AFE AL
ke B LI 1 AR 2. GaNH (R Ef R H 5
N HERAELIE S H(C), B A7 5 = EHAW
BEA GaN i H, Ga—N #4546 0.0038 nm, FEZK L%
A AL (1.49 vs 1.47 ); TIN—HURH: U {535 28 di ) A e
3, K 40,1026 nm, 82 R 0.87. X W [ LB
GaNH N2 FE S5, A — 3, AR i, 208

i) HGaN(C..,) f4 T & S BRI b iAo o5, BB &
375 190.7 kJ-mol™. 5 GaNH AJr], InNH A4 e fa &
FRLE H 5 N MEWLIE SN (Ca). i, In—N
G L BE R TP 45 45 0.0207 nm, BN 0.84, HBE{R
(0.79) LW A5 FH 55, T N—H Zth 45 2 M PR e
A, KR 0.1028 nm, #E9% 40.86; AR SA T H
5 In#fi% T HINNZIL 4514 (C..,), BB H e fe e 14 Al
f HH254.4 kI - mol ™'; GaNH, ) L5 254 Jyfu 2 NH,
FE P TR B (Ca), HLF 28 J2 'Ar. 5 GaNH A
e, Ga—N i 52 1fii /4 (0.1891 nm), B % 1.00,
X T N Bl 6 8 33 Ga 5 Nt
1] B AH AR 0055 B 5 R Y. T AR A A B
HGaNH J % i dEHI Z 7 I iS5 # (C), T
BEA, BER LS A S H 204.6 kT -mol ™. InNH,
FIFESLER . WARSHIALY GaNH, 50, H VRS
et LIRS B R Y 264.1 kI -mol ™.
2.2 (MN), #1(MN),H,, (M=Ga, In; m= 1, 2)i}
IR g Ak

(GaN), FYFEZS ARl N—N §HAH % 125 T 2451
(D)™, B 2502 'A,. 5 N, A H, N—N 8K A7 fir b
$£:(0.1100 vs 0.1253 nm), B KME T FE(2.75 vs. 1.58);
T Ra A ZE A 2 HH B N—N B R IE 454 (D.,), BER
i 4.2 kI -mol ™, HL AR 23, REZIR)T 5 SCHR
(151 IE R REGIR T AR, S Ry R 2 AN

la ’ lb : 1c :)
1 a s
o‘@’o =, o 2N
2a 2 Q) 2%
(5 2)

1 (GaN), #1(GaN),H, (n=1-4; m=1, 2)HA %K
B SR EIE il
Fig.1 Geometries of the ground state structures of
(GaN), and (GaN),H,, (n=1-4; m=1, 2) clusters
The biggest, middle, and the smallest circles are used for
Ga, N, and H, respectively.
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A5 (InN), A5k 25 A R A5 454 5 SCRik (15141
BRI RESIR T AH ).

(GaN)H, (InN)H ¥ e A e 14 B4 A HI - In7e
NJgF ERPFIRICHIAY, i85 07A7 Hir, MGB)—N(@2)
(M=Ga, In) A5, S E LTI B M(1)—N@)M=
Ga, In)/3 5M£0.0287 .0.0355 nm, J& T HLE1 it e gt
K53 51°1.00.,0.80; 5B &AM H, N—NE K 53 51
fifi £ 0.0066.,0.0061 nm, £ 2 43 5~ 1.27.1.16, M
(3)—N(4) (M=Ga, In)F & 53 7] ik #] 0.3216.0.3369
nm, R IEER K, B4 W2, (GaN)H FIRF g
¥ H RFINAE Ga 7 F 1 C /7L, B L
FEAH R Y 124.0 KJ »mol ™, HL 25 424", (InN),H
AR ZS 2546 5 (GaN) HIF AR, AE T FL IS AL
H78.0 kI -mol™.

55 (AIN)H, Y3525 4 B2 ) (GaN),H, FlI
(InN).H, e F 2 1 JUA A4 T35 5 4~ NH & A1 19
W ZEAA (Cy), HL 2509 'A. N—N&# K 50,1540 nm,
LM 0.82, N PG M . N—HE#EZ M 0.87, i
:250.1015 nm, 5 NH, P EEAY LY 581(0.92.0.1018
nm) A L5 (GaN),H, HIRFeE 4544 7 AL & — 4> NH,
LA LR (C), BE 2 HLIEA R H10.5 kI -mol™, L 2%
A", (InN),H, [ AR ASA Y 5 (GaN),H, 25181, fE &
RS = 8.4 KT -mol ™.
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Fig.2 Geometries of the ground state structures of

(InN),, and (InN),H,, ( n=1-4; m=1, 2) clusters

The biggest, middle, and the smallest circles are used for

4z

In, N, and H, respectively.

IR g eAE:]

(GaN),.(InN); LS5 S N,
FIGHF T C AR, B PSR AT, ARSI LR
A5 Ny FLIGH P T B (Cy), 3X 5 SCHRHE ™ —
.

(GaN);H MBS R R H JEFIN7E N, BoCH
Ml N JEF ) C AL, T8 247 N(3)—N®4) 5
N(4)—N(6)EE L /3 151.20 .1.29, 5N,HN—N#HZK
(2.75)F H F FR4EEK, Ga(5)—N(6) FlGa(1)—N(3)#H
B 134 510.3503F10.3150 nm, £ Z W% (InN),H
FEBH AL 5 (GaN),HAH L, FLZ5 44 HIn(3)—N(6)
SRR IR BE R, 355 0.1475 nm, tLEL 282,
(GaN);H, frefat & i JLAT#4 B Ry A~ H R 43 51
FEN LI IIN G, FF 0 P 1 9 0 i) ) 754
(C)), BTFAN'A, HEERF E, PHNN—NEEK T4
85, SN 0.83; ERE S5 A HIE - INTTEN, BT
PN E I BoTEF- i — M AL (C), -T2
A'A, (InN)H A FEAS RS AR S H L5 (GaN)HL#f
FHARL, 7EBEK (GaN);H1, Ga(1)—N(3) 5 Ga(1)—N(6),
Ga(2)—N (3) 5 Ga(5)—N (6) ## K 22 & K i 1
(GaN);H,H#a FAH 55 7E B (InN);H, In(1)—N(6) 5
In(1)—N(4), In(2—N @) 5 In(3)—N(6) f K +H 2 &
KIMAE (AInN)H, HkaFAHEE, UL IS H R I ff
Je WA LR MAAR K, A7 T XK.

2.4 (MN), #1(MN).H,, (M=Ga, In; m=1, 2)&J
IR g Ak

(GaN), ML L5 A N, BT = 421
(C), HFAN A", X 5 3CHR[16]43E—3K; (InN), 1
FEB LM 5 (GaN), B, X 5 SCRR 8 1 AN TA].
Costales ZFZ5 H— AN 2 4> N, OGO Y, H
A Dy, WM, HFRAT 22 1158 K A AE— A R A,
JE& AT E S5 . (GaN)H ISR A H i
TEN, B N 55 E R EL(C), TS50 %A;
N(©2)—N(@3)5 N(3)—N@) 2% 4 7K 1.57.1.09, 5
N, f N—N ##2(2.75)F b T B 48K (InN),H 1)
FLABM R 5 (GaN)H FH1LL; (GaN),H, ffa i # 71 h
P H o35 AE Ny o0l N s B C,
FAR, 250 A, SRR L, IS N—N 88
TFEE R, S MR 1.27. SR (GaN), FXTFRTE [N (4),
N(5), Ga(6)[AH L , I ANEERTE L 1 — >4 A 38 2o Ji
+ N(3) NG)FI Ga(7)FIXTFRIAT, AT fH N(3)—N(2)
5 NB)—N#).Ga®)—N#) 5 Ga(1)—N@)5## T
ZE[m]. (InN)H, fefesE f9 751 5 (GaN),H, I FHL.
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73 4h, HSCHER[9-16115 %1, 7E (MN),(M=Ga, In;
n=1-4)/NAFE T, £E7E N—N 5 N—N—N L3 i)
RURFRE Y, T P4 R FR A (Ga—Ga B In—In) Y
FRIEATE B N THTE EiRg R AN H A&
(MN),(M=Ga, In; n=1-4)/NAE I 5 BB 5T, A7 4%
AP — T (MN),(M=Ga, In; n=1-4)/NA RN T
H J5 1 J& (MN),H,(M=Ga, In; n=1-4, m=1,2)¥J % th
73 N

MBfF R 1-4(FfF 2 AT N www.whxb.pku.edu.cn %2
TR, HiE n AWK, Ga—N gk
5% In—N K FE(MN),, BI#% o S 38 K 3,
M AE(MN),HM=Ga, In)F1(MN),H,(M=Ga, In)[ 2
FaRieh, B n PSS K, N—H SRR K,
(GaN),H, [ 7£.0.1015 F10.1029 nm 4 [ P, (InN),H,,
1E 0.1022 nm F1 0.1033 nm 78 B N, U680 H 5778
AN R AU FRE, 72 (MN),H, (M=Ga,
In)H M n=1-4 B95&—ABI%E S, > N—H S5
K ILTFAHSE, D 7 1o A w5 FR, A0 H 54351
PNFEPES N A ] TXIRRA 254, B SCik[14—
161 A 1, 7E(MN),(M=Ga, In; n=1-4)/NAI & H, B#
FIEL A A HT AT, N, BT AT N, Bon#Ra o ffr,
ForPE, T H 38 B IE PR, BT DR S S A
Far A5 2R, H S INFE N, BLOCHF N, s
FIAR Y FL AR, INAE N, BRITARSR I R+ B
Ty AT e PR hy s ] HE R AR T AR, B LA e
N, BT ER .

2.5 (MN),H,(M=Ga, In; n=1-4; m=1, 2)&755#
B4 FHRBN g

F B3LYP/6-31g* * fil B3LYP/Lanl2dz J7 ¥, 43
%} (GaN),H,(n=1-4; m=1, 2)f(InN),H,(n=1-4; m=
1, 2yt i—FhETFE 5 FHRARRE R A5 M A T T AR EE T
L AR T SRR A5 R SR v FT IR SR I
PR, AT B o NSRS I, RISE—
PRENAFA v A IR 58 1 S SRR N IR Bl 451 2K 51
TR 1, F55 R RIR IR, v /D
PRI B9 431 23 T L S e T A5 55 ) 2 5 A2 AE A, PR3
SEREE T S5 FABX O () 4RSI A8 AT LA sz B fe 5 A Mg 0
BN B AR . NFE 1 AT LA, BT (H3 0 1E
{8, PRuEILRE I B 5O B (R AR IR A, AH
I ) 25 48 ] B SR FEAS P 4544 . (MN),H(M=Ga, In;
n=1-4) [ FLSHI R RO E L, (MN),Hy(M=Ga, In;
n=1-4) BRI R LA S B4 (L0405 S
e KB R B0 A 2R X8 6k . N—H (25 PR s, Hodr,

%1 (MN)H,.(M=Ga, In; n=1-4; m=1, 2) IR FaEH 5!
ERIAZE (v/cm™)FNLLH 5L 38 FE (I/(km - mol ™))
Table 1 Vibrational frequencies (»/cm™) and IR
spectrum intensity (I/(km-mol™)) of the most stable
isomers of (MN), H,(M=Ga, In; n=1-4; m=1, 2) clusters

(GaN),H,, (n=1-4; m=1, 2)

(InN),H,, (n=1-4; m=1, 2)

structure v 1 structure v 1

1b 368.9(A") 202.72 ly 196.4(PI) 38.71
368.9(A") 202.72 313.8(PI) 256.46

1c 353.7(B)) 246.18 1z 529.5(B>) 4.84
353.7(B)) 246.18 593.8(B)) 343.70

2b 58.1(A") 1.01 2y 56.7(A") 0.42
403.4(A") 148.05 385.1(A") 182.70

2c 101.3(A)) 0.51 2z 92.4(A)) 0.43
484.9(B,) 228.84 427.3(B,) 182.88

3b 66.4(A") 0.00 3y 27.2(A") 0.16
536.6(A") 216.87 982.0(A") 200.71

3c 87.0(A) 4.67 3z 46.4(A) 0.76
822.3(A) 208.00 335.5(A) 181.08

4b 49.3(A) 0.24 4y 44.1(A) 0.39
664.1(A) 209.39 1281.7(A) 175.69

4c 46.3(A") 0.30 4z 44.4(A") 0.34
1239.4(A") 250.79 1174.7(A")  257.36

(GaN),H,(n=1-4; m=1, 2)+ N—H 25 il §i sh 4 %
Y38 B E 353.7-1239.4 cm™ Z [0, (InN),H,(n=1-4;
m=1, 2) H N—H 25 {4z 2 45 5 193 Fl 7E 313.8—
1281.7 cm™ 22 [A].
2.6 (MN)H,(M=Ga, In; n=1-4; m=1, 2)&755#
B S REFNBERR
% 2 441 T (MN),H,(M=Ga, In; n=1-4; m=1, 2)
SR ALY) H R F 19454 BB (Es) L ) HOMO 5
LUMO fEFR(AE), Bl 3 25 T —/ AP H 1
7EMN),/NETE 45 G Re Snith 2 &, 7T LUE
., X F(GaN),H,, F(InN),H,, /NAT#%, 255 REFIRE R
ZEAR, AL Rt BEA ).
£ 2 (MN)H, (M=Ga, In; n=1-4; m=1, 2)RiaEHEH
& BEFIREME
Table 2 Binding energy (Eg) and energy gap (AE ) of
the most stable isomers of (MN),H,, (M=Ga, In;
n=1-4; m=1, 2) clusters
(GaN),H,, (n=1-4; m=1, 2) (InN) H,, (n=1-4; m=1, 2)

AE/eV AE/eV
structure ——— Ep/eV structure ——— Ep/eV
a B a B
1b 527 252  4.56 ly 524 257 445
lc 4.93 9.58 1z 4.54 9.38
2b 3.60 387 261 2y 335 349 3.05
2c 4.53 6.05 2z 4.07 6.39
3b 140 324  2.66 3y 211 336  2.69
3c 4.29 5.94 3z 3.25 5.88
4b 3.28 233 248 4y 3.18 206 261
4c 3.20 6.20 4z 2.94 6.35
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Fig.3 Binding energies of H (left) and 2H (right) atoms on (MN), clusters

Horp, X F(MN),H FI(MN),H,, HE5G /8 R

Ex=E o, +Ex—FE oo (1)

Ex=Ep, +2Ei—Epm,n 2)

—A~ H R FIRFHEMN), b RI25A RERIRE KR AR
R, BEHH H JFF1 MN /A 54T TR 58 A9 A0 B4R
71, 7 GaNH . (GaN),H #il InNH ZbMIx$ 48K, 15
MR R E L. BakUt, BEE n AR K
K, —A HIETIEHHE MN /NASE FRSSSRES T
[ETEE
P H IR EEEMN), E, 78 n=1, 4 4t 2R
AR ZE G BE. BBt AR AR 5 KW, FUIE X
BeZER A AR R ARE M. X (MN),H FI(MN),H,, «
REBITEn=1-3 /22 F KIS0, 7En=48F (MN),HM=
Ga, In)Ab3 K, B REBABR n=1 4b, [FIAE L2 2 ik
).
2.7 TFHESHE

g3 19 5 o s HUE (HOMO) Fl i ik 25 Uil
(LUMO) 1 s 5 X ST AR B S e 1 A2 S 25 4
AR A, X B AT 40T, BT LAAS 253 LA 44 7Y
e PR B . X (MN),H,,(M=Ga, In; n=1-4; m=1,
)L LE I ITHOMOMLUMOBF 5T 45 R B, 4% 4%
F4rh FTHOMOXT 25 H 43+ H I M(M=Ga, In) 5t ¥

p A5 N JETFM p BB A sTik, LUMO X 45
H 43 F A M(M=Ga, In)ZF ) p Pl 5 N JZFH)
p A AT TTER. 4 5y B4 T (GaN) H,(n=1—
4; m=1, 2)i HOMO #1 LUMO. (InN),H,(n=1-4; m=
1, 2)FE S 2L BT LUE S, i S5 H 1
HOMO 5 4% F 431 H i) M—N(M=Ga, In) i #H44
Tk, £ 5 N—H #19 LUMO &3 & B 9 iy
M—N(M=Ga, In) i ##A TTHRSP, X N—H B A

8 & & & @

1a (HOMO) la (LUMO) 1b (HOMO) 1b (LUMO) 1c (HOMO)
& ¢S S
Ic (LUMO) 2a (HOMO) 2a (Lgo) 2b (HOMO) 2b (LUMO)
P9 W g I
2¢ (HOMO) 2¢ (LUMO) 3a (HOMO) 3a (LUMO) 3b (HOMO)
o)
i § ISP
3b (LUMO) 3¢ (HOMO) 3¢ (LUMO) 4a (HOMO) 4a (LUMO)
® R ¥ ¢
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Fig.4 HOMO and LUMO of (GaN),H,, clusters
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