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Cau trac va do bén cua cac closo-hydroborate
dianion BnHn? (n = 5-12) nhin tir m6 hinh PSM

Pham Vii Nhat, Ma Quéc Vi, Tran Thi Ngoc Thao

Tém tit—Trong nghién ctru nay, ciu tric va cac
tinh chét ning lwong ciia mét sd closo-hydroborate
dianion BnHn? (n = 5-12) dwgc khio sat mot cach chi
tiét bang 1y thuyét phiém ham mat do (DFT). Phiém
ham lai héa B3LYP dwoc sir dung két hop véi bd co
s& twong quan aug-cc-pVTZ. Dang hinh hoc t6i wu
dwoc xac dinh va co ché phat trién cAu trac dwoc
thiét 1ap. Ning lwong phin manh nhém BH, chénh
léch nang lwgng bic hai va khoiang cich HOMO-
LUMO ciing duwgc tinh toin nhim danh gia d§ bén
ciia cic cluster. Két qua tinh toan cho théy trong sb
cac cluster duge khio sat BsHe? va Bi2H12% dic bigt
bén véi ciu triic electron bio hoa. S6 electron héa
tri ciia ching twong \ng voi nhirng con sé ky diéu
theo md hinh PSM (phenomenological shell model).

Tir khéa—Borane cluster, cac phép tinh DFT,
B12H12%~, mo hinh PSM.

1 MO PAU

Boron ld& mot trong nhitng nguyén té duoc

quan tdm nhat trong bang tuan hoan do sy
phong pht vé mit héa hoc cua né. Cac dic diém
nhu sy thiéu hyt dién tir, ban kinh nho, sé phdi tri
I6n 1am cho boron ¢6 kha ning hinh thanh lién két
manh mé& vé6i hau hét cac nguyén té khac, tao ra
céc hé phan tir va chét rin c6 hién tugng lién két
va tinh chit hoa hoc khac thuong, khé dy doan.
Boron va carbon la hai nguyén té duy nhét trong
bang tuan hoan cd thé hinh thanh nhiéu hop chat
da dang véi hydrogen. Tuy nhién, c6 su khéc biét
rd rang gitra cac boron hydride va carbon hydride
[1]. Céc carbon hydride va din xuit cua ching
duoc dic trung boi chudi va vong. Thi dy nhu
propane (CsHs), benzene (C¢Hs). Trong khi do,
cac boron hydride (con dugc goi la borane cluster)
thuong c6 cau tric l1dng, lusi hoac té chim [2].
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D3 ¢6 nhiéu nghién ctu ca ly thuyét va thuc
nghiém danh cho céc borane cluster ké tir khi
chung duoc tong hop vao dau thé ky XX [3]. Su
bling nd trong nghién ciru vé borane bit dau vao
cudi nhitng nam 1940 khi nhém hop chat nay
duoc xem 1a nhién liéu tén lia day hira hen thay
thé cho nhién liéu hydro-carbon ¢ dién [4]. Nam
1976, giai Nobel hda hoc da dugc trao cho W.N.
Lipscomb nham ghi nhan nhiitng déng gép quan
trong ciia ong trong linh vuc borane. Dén thoi
diém nay, nghién cau vé borane van 1a mét linh
vuc thu hat nhiéu nha héa hoc ly thuyét khdng
nhitng do su doc ddo vé mit héa hoc, ma con xuat
phét tir nhitng thach thie vé mat ciu tric va lién
két ma chdng mang lai.

Nhitng nghién ctu tién phong cua Lipscomb,
Wade, va Mingos [5-7] ghi nhan méi tuong quan
giita s electron hda tri, cong thirc phan tir va hinh
dang cua boron hydride. Gan day, cic phuong
phép tinh hoa hoc lugng tr thuong dugc st dung
thay cho cac mé hinh ly thuyét c6 dién. Cac tinh
toan bang ly thuyét phiém ham mat do (DFT) cua
McKee va cong su [7] cho thay trong céc closo-
borane cluster, dianion BiHi.? 1a dic biét én
dinh va thé hién tinh thom 3 chiéu vai gia tri ning
lugng ion hoa kha cao (~11 kcal/mol). Nam 2011,
nhém Lentz [9] thu dugc ciu tric tinh thé cua
BioH10?™ va BiHip?, ddng thoi dua trén nhiing
phéan tich mat d¢ dién tir va nguyén tu trong phéan
tir (AIM) cAc tac gia xac dinh ca hai déu chua cac
lién két 3c—2e (3 nhan-2 electron). Trong mot béo
c4o méi nhat, Shen va cong su [4] cho rang bén
canh lién két 3c—2e con xuét hién cac kiéu lién két
da nhan khéc, thi du nhu 4c—2e, 8c—2e.

Nhin chung, hiu hét nhitng nghién ctu trudc
day vé borane chu yéu tap trung vao khia canh
ciu trdc phan tir va lién két héa hoc. Tuy nhién,
s anh huéng cua cu tric dién tir 1én d6 bén va
cac tinh chat khac cua borane cluster van chwa
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thuc sy rd rang. Trong nghién ctru nay, truéc hét
céc phép tinh DFT s& dugc sir dung dé danh gia
d6 bén cia mot s6 dianion ByHa2 (n = 5-12). Sau
d6, xu hudng 6n dinh cua ching s& duoc lam séng
t6 bang cach ap dung mé hinh PSM.

2 PHUONG PHAP

Tat ca cac tinh toan dwoc thuc hién bing
chuong trinh Gaussian 09 [10] trong khuén kho ly
thuyét phiém ham mat d6 DFT [11]. Phiém ham
lai hoa B3LYP cung véi cac bo ham co s¢ aug-cc-
pVTZ duoc sir dung dé ti wu héa hinh hoc ciing
nhu tinh toan ning lwong. Tan sé dao dong didu
hoa (harmonic vibrational frequencies) cling duogc
tinh nhim x4c dinh dang hinh hoc téi wu twong
tng V&i cuc tiéu dia phuong (local minima) hay
trang thai chuyén tiép trén bé mat thé ning
(potential energy surface) va dé hiéu chinh cac gia
tri nhiét dong.

Dbi véi mot closo-hydroborate ByHq2~ cu thé,
c4c tham sé nhiét dong nhu niang lwong phan
manh E, va chénh léch ning lugng bac hai A’E
dugc tinh dya vao cac céng thuac sau:

E, =E(B, H, > )+EBH)-E®B,H?>)

A E= |:E(B11+1Hn+|27 ) + E(anlHn—127 ) - 2E<Ban27 ):|

Trong d6 E(X) 1a ning luong t6i wu cua cau tir
X. Gia A’E con c6 thé duoc xem la bién thién
nang luong cua qua trinh hop phén cho dianion
B,Hn2" tir hai dianion Ian can.

3 KET QUA VA THAO LUAN

Céu triic va do bén

Hinh hoc ban dau duoc xdy dung dua trén
nghién cau trude day cua McKee va cong su [13].
Céu trdc t6i wu cua céc borane dianion ByHn2
(n = 5-12) tai mac ly thuyét B3LYP/aug-cc-
pVTZ dugc thé hign trén hinh 1. Phu hop vai qui
tac Wade—Mingos [12], c4c borane cluster ByHn2
(n = 5 — 12) déu c6 céu trac 15ng (closo) do s&
httu (n+1) cdp electron suon (skeletal electron
pairs, SEP). Thanh vién nhé nhét cua ho closo-
borane di dugc téng hop thanh cong 1a BeHe?.
CAu tric bén nhit cua BgHe? 1a mot bét dién déu
(On) véi d6 dai cua cac lien két B — B 1a 1,733 A,

rat gan véi gia tri thuc nghiém 1,700 A [13]. Mét
truong hop dang Iuu ¥ khac do 1a Bi2Hi2?. Nhiing
quan sat tir thyc nghiém cho thdy day l1a closo-
borane c6 tinh én dinh cao nhat. Cau tric bén nhat
cua no 1a mot khdi 20 mat (icosahedron, In) véi do
dai lién két B — B la 1,782 A (B3LYP/aug-cc-
pVTZ). Nhin chung, vé mit co ché phat trién cau
tric c6 thé thay cluster ByHn2™ 16n hon duoc tao
nén bang cach gin thém mot nhém BH vao dang
bén nhat cua cau tir nhé hon. Vi du, gan thém mot
nhdém BH vao vi tri xich dao cua BsHs?dang
ludng thap tam giéc s& thu dugc BeHe? ciu tric
bat dién.
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B7H7% (Dsh)
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BoHg? (Dan)

B11H11% (C) B12H12% (In)
Hinh 1. Cu tric t&i wu cua cac closo-hydroborate dianion
BoH:Z (1 =5 - 12)

Do bén cua cac cluser BoHs2 dugc danh gia
thdng qua céc tham sb nhiét dong nhu ning lwong
phan manh E_va chénh léch ning lugng bac hai
AZE. Sy bién thién cua cac tham sé nhiét dong nay
theo kich thude cluster dwoc thé hién trén cac
hinh 2 va 3.

Nhu da dé cap ¢ trén, cau tric tdi wu cua cluster
BnHn? tai mot kich thudc xac dinh 1a két qua cua
qué trinh gén thém nhém BH vao hé nho hon. Do
do, ning lugng sinh ra trong ndy c6 thé dugc xem
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1a ning luong két hop (embedding energy — EE).
Thong s6 nay con co thé dugc xem la nang luong
tach hay nang lugng phan manh thir nhat (one-
step fragmentation energy — Es), 1a nang luong can
cung cap dé tach nhom BH ra khoi ByHq? thanh
Bn.1Hn-12~. Hinh 2 cho thay trong céc closo-borane
dugc khao sat, BeHs? va Bi2H12*~ duge dic trung
béi cac gid tri E, 16n nhat. Gid tri E, cua BgHe?
1a B1oH12% 1an luot 12 6,76 va 7,43 eV so véi cac
gia tri twong ng 5,71 va 4,40 eV cua BsHs?> va
BuHu?. Piéu nay cho thdy kha ning phan ly
nhém BH cua BgHe? va BiHi? 1a kém nht.
Nguoc lai, BisHi> 12 hé kém 6n dinh nhét, voi
giatri E, nhé nhat.
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Hinh 2. Bién thién ning lugng tach nhém BH theo kich
thuéce ByH,? tai mirc B3LYP/aug-cc-pVTZ
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Hinh 3. Bién thién chénh léch ning luong bac hai theo kich
thude ByH,? tai mirc B3LYP/aug-cc-pVTZ

AE (eV)

Chénh léch nang luwong bac hai 1a mot chi sb
quan trong, thuong dugc sir dung dé danh gia do
bén twong ddi cua cac boron cluster [14, 15]. Bac
biét, cac dinh trén do thi caa AZE theo kich thudc
cluster duoc xac dinh 1a ¢ mdi twong quan véi
phd khéi thuc nghiém [16]. Nhu minh hoa trén
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hinh 3, cac borane cluster tng véi n = 6, 10 va 12
O gia tri A’E dic biét cao so véi cac cluster lan
can, chiing to nhitng hé nay 6n dinh hon nhitng
cluster xung quanh. Két qua hoan toan phu hop
véi nhitng phan tich dya trén ning lugng phén ly
nhom BH (Es). Nguoc lai c&c cluster vgin =5, 8
va 11 c6 chénh léch ning luong bac hai (A%E) rat
thip so véi céc cluster 1an can va BiiH1:2 12 anion
kém 6n dinh nhat.

Do bén twong ddi cua cic cluster con dugc
danh gia théong qua chénh 1éch nang luwong
HOMO-LUMO (EnL). Hinh 4 biéu dién sy thay
d6i cua Enc theo sé nguyén tir boron trong cluster
BrHn>. Nhin chung, cic anion BiHi* va
B12H12? duoc dic trung boi gia tri En. cao nhét.
Nguoc lai c&c anion vgin =5, 8,9 va 11 c6 gia tri
Enw khé bé. Céc hinh 2, 3, 4 thay su bién thién cua
Céc gia tri Ef, A’E va Env theo kich thuéc cluster
BnHn?" 12 kha giéng nhau véi dinh cao nhat dugc
ghi nhan tai BioHpp?
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Hinh 4. Bién thién chénh léch ning lvong HOMO-LUMO
theo kich thuéc ByHq2 tai mitc B3LYP/aug-cc-pVTZ

M6 hinh PSM va dd bén ciia céc cluster
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Hinh 5. Nang lugng cta céac 16p vo hoa tri trong cluster dang
céu theo mé hinh PSM: (a) Hé ddng nhét; (b) Nguyén tir gitra
c6 d6 am dién 16n hon nguyén tir bén ngoai; (C) Nguyén tir bén
ngoai c6 d6 am dién 16n hon nguyén tir gitra
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Hinh 6. Hinh dang ctia cac orbital hoa trj trong anion BsHe?~

M® hinh PSM (Phenomenological Shell Model)
duoc phét trién bai cac nha vat ly hat nhan dé giai
thich hién tuong 6n dinh dic biét cua nhirng hat
nhan c6 tong sé proton va neutron turong tng Voi
mot s ki diéu (magic) nhét dinh [17]. M& hinh
nay sau d6 duoc ap dung cho cac cluster kim loai
kiém co kich thudc nho [18] va di duoc chimng
minh 1 kha hiéu qua dé mé ta xu hudng bén viing
va cau truc electron cua cac cluster kim loai [19].
Pé xay dung mo hinh PSM, dau tién cluster duoc
xem 1 ¢6 dang hinh cau. Céc electron hoa tri tu
do chuyén dong trong mot trudng thé ning dwoc
tao nén bai cac cac electron bén trong va céac hat
nhén; thé ning twong tac gitra cac electron duoc
b6 qua. Tha tu cAc mirc nang lugng cua electron
trong cluster theo mé hinh PSM dugc thé hién
trén hinh 5. Véi md hinh PSM &p dung cho
borane cluster ByHq2~ thi con sé ki diéu dugc du
doén 1a 2, 8, 10, 20, 26, 40 vi nguyén td B bén
trong c6 d6 am dién l6n hon nguyén t56 H bén

ngoai. Sau day, ching ta thir 4p dung mé hinh nay
dé giai thich do 6n dinh cao cua cac dianion
BeHeZ’ va Blelzzf.

Trong BeHs?, tong s6 electron linh dong la 26
(mot electron tir mdi nguyén tir H, 3 electron tir
mdi nguyén tir B va thém 2 dién tich &m). Cluster
c6 cau tric bat dién déu nén duge xem nhu cod
dang cau. Theo md hinh PSM, 26 electron héa tri
tuong ng véi mot cau hinh béo hoa. Trat ty ning
lugng cua orbital hoa tri trén hinh 6 rd rang cho
thiy BsHe2™ ¢ 26 electron linh dong véi cau hinh
bdo hoa 1S%1P%/2S?/1D%/2P®. Ba orbital ning
luong cao (HOMO) la suy bién, c6 ban chit cua
phan I6p P, trong khi orbital thdp hon thuc sy
mang ban chat D. Mot cach chinh x4c hon, trong
truong bat dién Oy, 5 orbital D bj tach thanh 2
mic nang lugng Tog VA Eq. D9 bén nhiét dong cao
ctia BgHs? nhu vay xuit phét tir cau tric electron
vo déng cua no, véi 26 electron hoa tri dién day
vao 13 MO.
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S6 electron

FIITE

1S
Hinh 7. Hinh dang cua c4c orbital héa tri trong anion BioHi>
Bi2H12> xuat phat tir cau tric electron vé dong
cia no, véi 50 electron hoa tri dién diy vao 25
MO.

Déi voi BioHi%, tong s6 electron linh dong la
50. Cau tric bén nhit cua Bi2Hi,2 12 mot khéi 20
mat (icosahedron) nén cling dugc xem nhu cluster
c6 dang hinh cau. Trat ty ning lugng cua cac
orbital trén hinh 7 rd rang cho thdy 50 electron
linh dong trong BioH1,2 twong ing voi cau hinh
electron hda hoa 1S%/1P%/252/1D/2P8/1F4/2D,
Céc orbital bi chiém cao nhat (HOMO) la suy
bién bac ndm, c6 ban chét cua phéan I6p D. Trong
khi d6, cac orbital thap hon thudc I6p vo F. Tuy
nhién, can luu y trong trudng Iy, 7 orbital F bi tach
thanh 2 muc nang luong (trang thai) Ti, va Gu.
Tuong ty nhu BgHe?, d6 bén nhiét dong cao cua

40

4 KET LUAN

Trong nghién ctu nay, ly thuyét phiém ham
mat do (B3LYP/aug-cc-pVTZ) duoc sir dung dé
khao sat ciu trac va do bén cua mot sé closo-
hydroborate dianion ByHy? (n = 5-12). Do 6n
dinh dic biét cia mot sb cluster sau d6 dugc giai
thich théng qua mé hinh PSM.

Nhin chung céc anion BhH.? thuong c6 cau
tric dang long khép kin dugc tao nén tir cac tam
giac Bs. CAu tric téi wu cua ching tai mot kich
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thude xac dinh 1a két qua cua qué trinh gin thém
nhém BH vao dang bén nhit cua hé nho hon.
Nhitng phan tich dua trén cac tham sb nhiét dong
nhu ning lugng phan ly nhém BH, chénh léch
ning lugng bac hai va chénh 1éch HOMO-LUMO
cho thay trong céc cluster dugc khao sat, BsHe?
va BioHi? 14 nhitng hé dac biét bén. Hién tugng
nay c6 thé dé dang giai thich bang mé hinh PSM.

Anion BgHg? Vi 26 electron linh dong ¢6 cau
tric bat dién déu (On) va cau hinh electron béo
hoa 1S%/1P%/25%/1D¥/2P®. Theo md hinh PSM,
khéi 20 mat BiH122 (50 electron héa tri) ciing c6
cau trdc vo dong 1S¥1P%/2S2/1D/ 2P8/1F4/2D,
Vi vay, nhitng hé nay c6 cau tric dbi xing cao va
dic biét 6n dinh so véi cac thanh vién trong ho
closo-borane cluster.
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Abstract—In this theoretical study, the structures
and energetic properties of several closo-
hydroborate dianions BnHn?>= (n = 5-12) were
systematically investigated employing the B3LYP
functional in conjunction with the aug-cc-pVTZ
basis set. Global equilibrium geometries were
determined, and the growth mechanism is
established. Several thermodynamic parameters
including the one-step fragmentation energy, the
second-order difference in energy, and the HOMO-
LUMO energy gap were also computed to evaluate
their stability pattern. Computed results show that
among investigated species BeHes?>~ and Bi2H12%~ are

exceptionally stable with closed-shell electronic
structures. Their valence electrons generate magic
numbers which could be understood by using the
phenomenological shell model. The BsHe?>~ with 26
itinerant electrons has an octahedral form ground
state (On symmetry) and a closed electronic
configuration, i.e. 1S%/1P®2S%1D/2PS. Similarly,
the anion Bi2H122~ with 50 mobile electrons, which
favors an icosahedron (In symmetry), also has a
closed 1S%/1P%/2S%1D¥/2P8/1F*4/2D electron shell.
Therefore, these systems bear the highly symmetric
conformations and constitute the exceedingly stable
members of the series examined.

Index Terms—borane clusters, DFT calculations, Bi2Hi12%~, PSM model.



