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o] oA H AT} sto] 2 A BT} oA eke] AT AAdS 2ARSHITE. ZF EjHE2] 7 P 3 Ak (global
minimum)E Q15}a1, Hrf F2gE A ol | A& A4rel7] f1ste] XEFuk-5 A4t A XE | A|(ZPVE)E 74
ST 54 BsHs, BsHa, BsHsol 4 BH T A 7F Sofdoll whet Uefhuhe= 2201 FlEd ol 7] 518H4] o1 ' ekE 2AFSkaL
7| Ao | 2| e} Aol Y A& AlAksto] BH @5k 71 571kl k& Adtoll Y x| e} Htol U 2] 9] A3 oAl53kelnt
FHO: 2384, BiHy, BiHotr, BiHae (n = 3-6), ¥ Wk o] 2, Aglof| 4 A

ABSTRACT. The theoretical calculations for ByHy, BaHa+1, BaHn:2 (n = 3-6) have been considered at the B3LYP level of theory
with the 6-311G” basis set. The optimized geometries, harmonic vibrational frequencies, and binding energies are evaluated to
elucidate the thermodynamic stability and spectroscopic properties. The harmonic vibrational frequencies for the molecules
considered in this study show all real numbers implying true minima and the binding energies are corrected using zero-point
vibrational energies (ZPVE). The binding energies and average energies due to increasing of BH monomer are predicted.
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Fig. 1. Optimized structures of B,H,, B,H,1, B,H,+> (n =3) isomers at the BILYP/6-311G " level of theory.
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Fig. 2. Optimized structures of B,H,, B,H,+1, B.H,+> (n =4) isomers at the B3ALYP/6-31 1G"" level of theory.
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Fig. 3. Optimized structures of B,H,, B,H,1, B,H,+> (n = 5) isomers at the BILYP/6-311G"" level of theory.

7} Coy symmetry S 7 O 2 4 BsHs(4) H.r} t] QFFSH A S
2 it

BsHe 200 A= 371A] O] A &2 o3 27} 2|23 =] 9l =
o] o] FLxEol A= A F7IA] QoA Hoj g Ad =417t
A AS & 4= Utk BiHy Alg] 24 BsHs 20| A= 5-47]
g upF R = o] 4z & o] 2 27 7 PR &
%21t BsHs 7%= 5471 2] HiY (cage) FHIE ©l& =
7} 7P Qb 2 2 AlATE| ATt 0] 32 BsHe(1)-2 BsHe(2),
BsHe(3) 2.0} th & & o] %] oAk, -4 7]2] 2] 354 Aol o
AR HA Fa7|E| Q] Ao argo] Aol W 7|olE
A S & H Itk BsHe(2) - 20| A= 2= B-B A3tdol=
1.596 A, BH, 2] Z+zto| tf sl B-H 23t do| = A2 0.1 AR =
o] jol& K3t

BsH; 2% BsHe | A A 477 2] v U P& o] & +
27} 71 b st A 02 YEhtal, B-B 2 ol= 1,684 A,
B-H AgHzo) s 91202 gt o, oF 9 0.2 SRl oo}
o] A3t 1.183 Ao|AA|qt Wo g ol mAaete] Ajhe
0.133 A7} 71 1316 A0 2 A4} H]QITh. BsHy(2) ) Qkoll A
w=2FBsHs(1), BsHg(2)22F 5%l #1213t B-B Aot o]+= 1.603,
1.536, 1.533 A0 2 ZojEX= A 0 & B,H, A|&]=&e} GASH
BAEFS He AL ST 4= A% B3 BsH, = FAavtE
A)o] Q= &, BsHy(4)0] 71 b g et A o2 gRleh 4
AT

B¢Hs, B¢H, BeHs 7] A A el o] A1

Fig. 40| A= BeHs, BeH7, BeHg2] E-AFL22} B3LYP/
6-311G" 52320l A A 3hel AFHd o] S LFERH AT} BeHs T
Zof| A= 571K &) A & thE 2 Eo] HAIE T gt
Ao 7 QP 2= v P Ef = YE AL B-B 2
FF710]=1.657 - 1.735 AR BsHsol| A Xt} oF7k B ZA4A A4k
E ¢ o, B-H 25 o]=1.173 - 1.183 A 0. & BsHs@} 3-AF
S AlA =k WA 2 o2 354 Agto] W A9 ¢F
ARt Ao g o SEH, P -2 Hob= vy FE 7L ¢F
Aot Ao 2 UEth G AR 9] BHo(5)2> 7HY =
gt Lxolm ohE L2 EE oY A| Afo| = As] &
Ao 2 AAE T

BeH7-> 371 9] QHA R F327} 2435 =gl o, o] - H
O] N=7F 57 Vet A 354 Afte] A 02 Zoj x| ==
2 Uelygth BHo(1)2] H$ B-B A% 0] 1.541 - 1.658
A, B-H A3t o0]= B-Ho| A= 1.175 A, B, A= 1.197 A
© &2 3kl =] Qi) BeHy(1) I BH7(2)2] oY A] Z}o]i= ufj 9
2F2|9k, G ARE BYFO] BeH (3)2 7Y E9Hg 3 20l H
U2 F2 500 o | A] 2fo] 7t 4 s] & A o' oS
ATt

BeHg-> A = TF2 37kA] o] 25 35 4= QU %l aL, 0]
= E3 P ol A= flollA A AE AR A
Ttotsto], 3541 Aol W2 BeHs(1)o] 7}

ol
" &}
)
ot
-
f
tu

Journal of the Korean Chemical Society



DFT Study on ByHa, BaHyi1, BaHarz (n = 3-6) 391
1.199 L kc'
‘LK’ 1183 1173 1629
1.654 :
[ x | & 1S 1.843, ].;633 \.%‘.\\ \1.579 1.544 h\
-8 P ¥ 1642554 '
1797}, L\ b . ‘1\-3?}'“\ « . 1618
. - e
¢ 1175 \ ¢ k" “Rii y
¢ L o L 1190 L ¢
BeHs(2) BsHs(3) BsHe(4) BeHs(5)
1.177 _1.596 ¥ \‘1.1?5
L.
#1.266 154 7
163 Loy e o .
) " b’“\.
¥ 1.187
L= " ‘
1.194
BsH7(1) BeH7(3)
L\\'.. s 4 1196 s
' (¥ e
P g ) ER t'ﬁm & .‘71.629
t.bi.ﬁla'\l"“,-L a « 1.625\:' " 1632 M
l\ 1.193 , <
& oe s s 1203 € “
BesHs(1) BsHs(2) BsHs(3)

Fig. 4. Optimized structures of B,H,, B,H,+1, B.H,+> (n = 6) isomers at the B3LYP/6-31 1G™ level of theory.

Table 1. Absolute energies (E, in hartree), zero-point vibrational energies (ZPVE, in kcal/mol), relative energies (AE, in kcal/mol) for
B;H; + (BH),, BsHs + (BH), BsHs + (BH), (n = 1-3) at B3LYP/ 6-311G** level of theory.

E ZPVE AE*(AE)’ E/n AE/n
BH 25.296711 33
BiH; -76.246435 20.7 -25.415478
BiHi(1) -101.753083 31.0 131.7 (124.7) 25.438271 14.3
BsHs(1) -127.205697 38.2 97.8 (93.9) 25.441139 1.8
BsHs(1) -152.678046 47.3 110.2 (104.4) -25.446341 32
B4H.(3) -101.693546 29.1 94.4 (89.3) 25.423387 4.96
BsH;(2) -127.186730 38.6 123.3 (117.1) 25.437346 8.76
BeHy(1) -152.678046 47.3 122.1 (116.7) 25.446341 5.64
B3H, -76.882286 27.9
BiHs(1) -102.328846 35.3 94.0 (89.9)
BsHe(1) -127.800499 44.7 109.8 (103.7)
BeHy(1) -153.235997 52.0 87.1 (83.1)
BsH;s -77.501015 31.8
BiHe(1) -102.974164 42.4 110.7 (103.4)
BsH(1) -128.448406 52.3 111.4 (104.8)
BeHs(1) -153.860954 56.8 72.7 (71.5)

"Relative energies (AEy); ex) AE(BsHs) = [E(BsHs) + E(BH)] - E(BgHs).

2l H I} ol A AlAro] = B4He(1), BsH7(2)3} BsHg(1)

2 ZF 5ol A BHYF sold xRS0t 22 Alg| =9

A Zad s 2 et sold e 29 T

o Yx1gB-B 2 o]7} A A o = FlolX| = g2 o
7

ARk, oA B-H7} woluhe 250l ek B-B 24|
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"Relative energies after zero-point vibrational correction (AEy).

L B4Hy(1), BsHy(2), BHs(1)o] A 242} 1.519, 1533, 1.563 A

S8 Fou=Aa & T

Zohof|uix] & Zetof| x|
Table loﬂ Ban, BanH, Ban+2 (Il = 3'6)‘%9‘] 7]'101_ ?1-15‘@-



392 FAVAEES

A=}

SR =

™ o

Table 2. Absolute energies (E, in hartree), zero-point vibrational energies (ZPVE, in kcal/mol), relative energies (AE, in kcal/mol) for

B;Hs + (BH), (n = 1-3) at BALYP/6-311G** level of theory.

E ZPVE AE{* (AEo) AE,’ (AE)°
B;Hs -77.501015 31.8 0 0
™ t ByHe(1) -102.974164 424 110.7 (103.4) 110.7 (103.4)
Sﬁiﬁ;ﬁﬁﬁeer BsH:(2) -128.414034 495 200.6 (189.5) 89.8 (86.1)
BeHs(1) -153.860954 56.8 294.8 (279.7) 94.3(90.2)
L BiHe(2) -102.951262 403 96.3 (91.1) 96.3 (91.1)
Stmlc‘ire BsH;(3) -128.390935 47.6 186.1 (176.9) 89.7 (85.8)
BsHs(2) -153.837591 55.6 280.1 (266.3) 94.1 (89.4)
Chai ByHq(3) -102.942099 39.3 90.6 (86.4) 90.6 (86.4)
S tmcatlunr . BsH-(4) -128.382943 46.8 181.0 (172.6) 90.4 (86.2)
BsHs(3) -153.823956 544 271.6 (258.9) 90.6 (86.3)

*Relative energies (AE;); ex) AE(B¢Hs) = [E(B3Hs) + 3 x E(BH)] — E(BeHy). "Relative energies (AE»); ex) AE(BgHg) = [E(BsH7) + E(BH)] -

E(BeHs). ‘Relative energies after zero-point vibrational correction (AEy).

AR Aoy A, FH K15 AU AN(ZPVE) 123l 4
oLl 4(AE)S Lhelshgl 0 o, AEL ok} o] AAl5to]
kcal/mol &9 2 YR ITE

AE(B,H,) = E(B,H,) - [E(By.1H,.1) + E(BH)] (n = 4-6)

ZPVE= ALt sfig] o | A|(De)E A& (Do) 2t B st
7] Y5t e =] )0 Al4=Q1 X} (scaling factor)= AF8-5}4]
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kcal/mol 2 /2 2] 0 &2 A A Le}yt O, BsHs(2)2F BeHo(1)
74-123.3 7} 122.1 keal/mol 2 -F-AFsHA] AlAFE it} LwtA
SO Zn>701440 A vy FEj o] 27t 7 bR -
Z 2 A S5 4L Q=1 o] -9 BH EAF 2ol A= oF
120 kcal/mol A =7} = Z1 02 of| ZF ). ¢FH BH & H 4o
Y] HM3E AAre] i Bl Gtz o] A9 <F 5 - 8 keal/mol
AE= Al4bE =t o)= ol d ALt Aute 2 Ax|eh= A
o & vyepyet

BiHi1 9} BoHae Al 2] 20 T3l A] 2| A o U A] 225 Abo]
O] BH ©91A| 57l wh2 Aot of L A] Zpo| & H|wsf HH n=
4,59] 742 2F 90 - 110 kcal/mol =& YEFF O™, n=69]
o= Ao R ot e Aoy A& UEd= A
O = AL ST AR 25 2= BaHe, BsHy, BaHsol| o

RFB3LYP/6-311G** <ol A] 2| 2|3} EA 204 9] A
ool A (hartree) % BsHsol| 4] BH7} 5o goll whe A gl
YA (kcal/mol)E Table 20| 25ttt Agto|d A= AE
(But1Hm+1) = [E(BsHs) + (n-2) x E(BH)] = E(Bu+1Hm+1) (n =
3-5,m=5-7)f| oJstof Akl o, G MFodA S 2
s

o] AN A= olvhe T+ 20 U 3 [ = 55 5
A=, HA 35 Ao s Favt R e T 0o A
2 7 A EoU= L2 E A S4] G- X (three-center struc-
ture) 2 7§ 5} AL, BsHsol| A SAlof] Sl B2 e A
7} P Hojuhs 25 AT -2 (line structure) = T
shglon, dthof S27} shH soju= FREARS 2
(chain structure)@tal g5}t o|7 2H2+0] Fipof o gt
Aol Y x| & A 5 H BsHg, BsHy, BsHsol| 8| 4] 355+ &
24 F27E 7P Aol A7 e A e 2 Ak Qi
A4 AT IR £ R, 49 TR0 A skl
Aso YA E vl B A L2 12.3 - 13.4 keal/mol
0] 2}o| 2 K QI T, AR L2 16.9 - 20.8 keal/mol A=
Abo|ihE 4t S 27 MRt A o= ol & T 4= Qll AL,
o|F ez oA Ag=oe] Ta7E 3THATS 7H=
227} 71 Qb 218 ThA] B Bkl 3t 5= 9lgich 7F 7
zof w2} B4Hq | A BsHy, 12|31 BiHs =2 BH7} S71e=
Ao YR =4S4 G20 4]+ 103.4, 86.1, 90.2 keal/mol
Z AlAto] H QAL e Lo A=91.1, 85.8, 89.4 keal/mol
2, A 20 A= 864, 86.2, 86.3 kcal/mol 2 AJAko] H A
o= Hol Ao A= BsHeoll A 7H 7t BsHol A
BeHy & 242 OF7 3715He 202 oS E e,

HSFOR U SOILAXIZPVE)
B3LYP/6-311G** 5=5=0]| A ByH,, BoHat1, BaHaiz (n = 3-6)
5] Hshel o] ofsel 2ot AEFARE AN 2
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Fig. 5. Harmonic vibrational frequencies (in cmﬁl) and infrared
intensities (in kcal/mol) for the global minima of (a) BsHs (b) BsHs
(c) BsH4 and (d) B3Hs, at the B3LYP/6-31 1G™ level of theory.

ﬂEEé_‘?%I—‘/PEMOi e} 0 = QP ek 24| o q %]
(true minimum) 291 & &R18FTE A4k Ayt 7k
B,H, (n = 3-6)-30f| thet 231255 1] A(peak) ] A 7]
(intensity) & 3125} Fig. 5o YE itk (a)= BsHs L 2]
3L (d)= BsH; 9] 2342155 et ], BsH; 9] 7 --2700 -
2800 cm ' LA o) 4] B-H AE#|% ¥ E(stretching mode)7}
W52 AR ASEIL, no] SV EpE B-H 2EH A
A o] F(red shift) == A &= AAE QT E3FB-B AE
%2 BsH;2] 7 1100 cm ' 23] o] A LpERH o] 3= ByHs

of thgk A% 241033 em ) o} & AA|5H= A 02 YEhy
t}. 3, no| 4 Q}5 & Z7} T2 A o] 5(blue shift) ==
Ze LPEH&QU% BsH 2] 7 -9-ofli= thA] 24 o] F &= 4
= YEFH R o= BHe?] 4% B-B Alo] 9] AFs 28
(interaction)©] BsHs Y.t} oFa| 2| = A3}z 0|7} ¢k7l Zlo %)
= AR YA = A2 s A Frh B-B-H iy 2=
(bending mode)= BsH; 2] 7%~ 2F200 cm 'of| A] 78t u] 32
HSE A0 R A S, no| F7 TS AN ol F He= A

o2 vehiet.
z=

B,H,, BoHye1, BiHoo (0 = 3-6)59] 758t Rz s
B3LYP/6-311G** 522714] 223} 5}5] 01, BE 2] 23}l
Tz A o] AFFTRTF SR ALbE| o] A 0.2 o
o2 SIS SIct A 402 354 A8 Hol 2
T27} QAR FRE AR ek BH, 2] 75 n =4, 5o 4
Lol PR B HY TR HA 35 ATS 2T
271714 QPG T2 LrERE O T n=69] 7 o=}
U7t 74 QPRl R A4 STk BH, 3 By
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o] HLof|m QJubA o F 3324 Wi LR Fi= vp LU LR}
7P b ek, thg-2 Az, 2l 7P B R Al
AT ER YeRiey o 124 542 A B4t
9] 3%-4] AgHENE oh 2t 249} bridge H 354 AgE
5 O A Tt S 5, 354 23 ATt
U}_r ﬁfﬂ—}]ﬂﬂ—tﬂ?ﬂio] th 1-31:1«0 @ﬂﬁgiL}E}‘iE}

BuH,, BoHy+1, BaHoo (n = 3-6)5-0] | %] of| ] %] J-2Z(global
minimum) 2-& §ARSE L2 S 7H= 1sHESof g5te] BH
7k S 7 ekl wg oy A MkE o Sshe] et oA
= 953to] Batom, T3t BHO| Fatoy X o] HakE A
Abslo] n=4-6 0.2 Z7}51HA] 5 - 8 keal/mol =2 914 A
o] F7Fsh= Aoz oS H Ut drAg}F4E(BXa)EOl
A= dH(n=4,8,9, 11) AT - o7 WA 9l oL}, o]
OF -8 5243 A (BoHy, BoHue1, BaHi2) 52 oF2] A3
A2 wrel A4 gt slek. A7 el ApElol A4 o
,_ AL o|2HoRL oL Hr HJoE}
A A TR AL 2 = & A o2 A SEH T 54 5
U T SRR AR vl B 7HA AL 9o

= A

L ol

A= 20109 &= Shgjsta ﬂlﬂ Shes ¢l Aol
48}04 S =]l om o]of FALE =Tt
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