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ABSTRACT

In this theoretical study, the structures and energetic properties of several
closo-hydroborate dianions B,H,”~ (n =5 - 12) and gold clusters Auy (N
= 2 - 20) are systematically investigated by means of DFT calculations.
Global equilibrium geometries are determined or confirmed, and the
growth mechanism is then established. Several thermodynamic
parameters including atomization energy, heat of formation, ionization
potential and electron affinity are also computed to evaluate their stability
pattern. Computed results show among investigated species that some
specific systems are exceptionally stable with closed-shell electronic
structures. Their valence electrons generate magic numbers that can be
understood using the phenomenological shell model.

TOM TAT

Cdu triic, co ché phat trién va cdc tinh chdt vé nang lwong ciia mot s6
closo-hydroborate dianions B,H,* (n = 5 - 12) va vang cluster Auy (N =
2= 20) dwoc nghién ciu mét cach hé thong bang 1y thuyét phiém ham mdt
dé DFT. Céu tric can bcfng dwoc xac dinh hodc xac nhén, va co ché phat
trién sau dé dwge thiét lip. Mot sé thong sé nhiét dong bao gom ning
liong nguyén tir héa, nhiét tao thanh, thé ion héa va di electron ciing dwoc
tinh todn d@é danh gia xu hiedng on dinh ciia chiing. Két qua tinh todn cho
th(fy trong $6 cac cluster dugc khao sat mét sé cluster dac biét on dinh
Vi cau triic electron vé kin. Cdc electron héa tri ciia chung tgo ra cac 56
ky diéu co thé dwoc gidi thich dwa vao mé hinh PSM.

Trich dan: Pharp Thi Bich Thao, Tran Thi Ngoc Thao va Nguyén Thanll Si, 2019. M6 hinh PSM va céu truc,
d6 bén cua cac cluster. Tap chi Khoa hoc Truong Pai hoc Can Tho. 55(5A): 74-81.

1 GIOI THIEU

lién két truc tiép va hinh thanh nhiing lién két bén
vitng ma khong c6 cac phoi ti.

Trong hoa hoc, cluster dugc dinh nghia 1a mot
tap hop tir vai dén vai traim nguyén tir, c6 kich thudc
nanometer (nm) hodc nho hon. Khai niém cluster da
dugc dua ra vao nhimng nam dau thap nién 60 cua
thé ki trudc khi dé cap dén cac hop chat hai nhan
g6m hai nguyén tir kim loai, trong d6 mdi nguyén tir
kim loai dugc bao quanh boi cac phdi tir (Cotton,
1964). Mot loai cluster khac 1a cac hop chat da nhan
duogc cdu tao tir hai hay nhiéu nguyén tir kim loai
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Cluster 1a mot chii d& kha nong trong thoi gian
gan day vi nhimg thong tin vé ciu trac nguyén tir va
céu tric electron cta ching mang tinh dinh huéng
co ban cho viéc tao ra cac vat li€éu nano mai dugc
ung dung trong cong nghé¢ hién dai va tuong lai. Cac
cAu trac v6i kich thude nano ciing 13 nhing vat liéu
tiém nang cho nhiéu tmg dung trong cac linh vuc
hoéa keo, y hoc, va dac biét 1a trong xuc tac
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(Xanthopoulou e al., 2015). Nghién ctru vé cluster
la cong viée rat tha vi nhung cling day thur thach.
Hién nay, van chua co hé thong cac quy tic co thé
gitip ta du doan cac ciu truc, do bén cua cac cluster
cling nhu chua c6 nhiéu thong tin vé mdi quan hé
phirc tap va tinh vi giita cdu tric electron véi do bén
va kha nang phan tng. Nhiu nghién ctru trude diy
cho thiy céc tinh chat cta cluster nho va vira phu
thugc manh vao kich thudc, hinh dang cua chung va
hoan toan khéc biét so v&i cac nguyén tir va tinh thé
kim loai. So véi vat lidu khdi, cluster c¢6 sd luong
nguyén tir trén bé mat nhiéu hon do d6 ¢ nhiéu dic
tinh khéc biét hon do ¢ hién twong cong hudng bé
mat.

Nhin chung, hdu hét nhitng nghién ctru trude day
vé cluster chu yéu tap trung vao khia canh cu tric
phan tir va lién két hoa hoc. Trong khi d6, sy anh
hudng cta cAu tric dién tir 1én do bén va cac tinh
chat khéc ciia chiing van chua dugc giai thich mot
cach rd rang. Trong nghién ctru nay, trude hét cac
phép tinh DFT s& dugc sir dung dé khao sat d6 bén
clia mot s6 closo-hydroborate dianion B,H.2" (n =5

— 12) va vang cluster Auy (N =2 — 20). Sau do, xu
hudng 6n dinh ctia chung s& dugc lam sang to bang
cach 4p dung moé hinh PSM (phenomenological
shell model).
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Hinh 1: Ning lugng ctia cac 16p vé héa tri trong
cluster dang ciu theo mé hinh PSM: (a) H¢
ddng nhit; (b) Nguyén tir giira c6 do Am dién
16n hon nguyén ti bén ngoai; (¢c) Nguyén tir bén
ngoai co do Aam dién lé6n hon nguyén tir giira

Mo hinh PSM (Phenomenological Shell Model)
dugc phat trién boi cac nha vat 1y hat nhan dé giai
thich hién tugng 6n dinh dic biét cua nhitng hat
nhan c6 téng sd proton va neutron tuong tng véi
mot s& ki diéu (magic) nhit dinh (Mayer and
Jenssen, 1995). M6 hinh nay sau d6 duogc 4p dung
cho cac cluster kim loai kiém c6 kich thude nhod
(Heer et al., 1987) va da dugc chiung minh la kha
hiéu qua dé mo ta xu huéng bén viing va cau tric
electron cta cac cluster kim loai (Bouwen et al.,
1999). Bé xay dung mé hinh PSM, dau tién cluster
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duoc xem la c6 dang hinh cau. Cac electron hoa tri
tu do chuyén dong trong mot truong thé nang dugc
tao nén boi cac cac electron bén trong va cac hat
nhan; thé ning twong tac giita cac electron dugc bo
qua. Tht ty cac mlrc ning luong cia electron
trong cluster theo mo hinh PSM dugc thé hién trén
Hinh 1.

2 PHUONG PHAP TiNH TOAN

Tét ca céac tinh toan duoc thuc hién bang chuong
trinh Gaussian 09 (Frisch ef al., 2009) trong khuon
kho 1y thuyét phiém ham mat d6 DFT (Pierre and
Kohn, 1964). Phiém ham lai hoa B3LYP cung voi
c4c bd ham co sé aug-cc-pVTZ duoc str dung dé t6i
uu héa hinh hoc cling nhu tinh toan nang luong cua
B.H.2". Di véi vang cluster, nhirng tinh toan dugc
thyc hién tai muc ly thuyét BB95/cc-pVTZ-PP. Téan
s6 dao dong didu hoa (harmonic vibrational
frequencies) ciing duoc khao sat nham xac dinh
dang hinh hoc t6i wu twong ung véi cuc tiéu dia
phuong (local minima) hay trang thai chuyén tiép
trén bé mit thé nang (potential energy surface) va dé
hi€u chinh cac gia tri nhiét dong.

Céc tham s6 nhiét dong nhu ning luong phan
ménh E va chénh 1éch ning lugng bac hai A%E cla
closo-hydroborate B,H,>~ dugc tinh dwa vao cac
cong thuc:

Ef = E(By_1Hy_1°") + E(BH) — E(B,H,*")

A’E = [E(Bn+1Hn+12_) + E(Bn-lHn‘lz_)
+ ZE(Banz_)]

Céac tham sb nhiét dong E¢ va A?E ctia céc cluster
Auy duoc dinh nghia nhu sau:

A’E = [E(Auny1) + E(Auy_;) — 2E(Auy)]
Ef = E(Auy_1) + E(Au) — E(Auy)

Trong d6 E(X) 12 nang lwong t6i wu cua ciu tir
X. Gia tri A%E con ¢6 thé dugc xem la bién thién
ning lugng ciia qua trinh hop phan cho hai ciu tir
lan can.

3 KET QUA VA THAO LUAN
3.1 Céu tric va d bén ciia BizHi>

CAu tric tdi wu cua cac borane dianion B,H,2™ (n
=5 —12) tai muc ly thuyét B3LYP/aug-cc-pVTZ
dugc thé hién trén Hinh 2. Phu hop véi qui tic
Wade—Mingos (Mingos, 1984), cac borane cluster
B.H.> (n=5— 12) déu c6 céu trac 16ng (closo) do
s0 hitu (n + 1) cap electron suon (skeletal electron
pairs, SEP). Cau tric bén nhat ciia BgHe2 1a mot bat
dién déu (Oy) v6i do dai cua cac lién két B — B 1a
1,733 A, rat gan vé6i gia tri thuc nghiém 1,700 A
(Schaeffer et al., 1965). Mot truong hop dang luu y
khac d6 1a Bi2H 2>~ Nhitng quan sat tir thuc nghiém
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cho thdy day 1a closo-borane c6 tinh 6n dinh cao
nhét. Cau trac bén nhat cua nd 1a mot khdi 20 mit
(icosahedron, 1) v6i do dai lién két B-B 1a 1,782 A
(B3LYP/aug-cc-pVTZ). Nhin chung, vé mit co ché
phat trién cAu trac c6 thé thiy cluster B,H,2 16n hon
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duoc tao nén b?lng cach gén thém mot nhom BH vao
dang bén nhat cta cu tir nhé hon. Vi du, gén thém
mot nhom BH vao vi tri xich dao ctia BsHs> dang
ludng thap tam giac s& thu duoc BeHe? cdu tric bat

, ,_é;(

BsHs? (Daa)

f

B7H7* (Dsh)

Bi2Hi2? (1)
Hinh 2: Ciu tric tdi wu ciia cic closo-hydroborate dianion ByHn2> (n =5 - 12)

BiiHi> (Cy)

Su bién thién cua cac tham s6 nhiét dong nay theo
kich thudc cluster dugc thé hién trén Hinh 3.
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Hinh 3: Bién thién ning lwong phan manh Ef (trai) va bién thién chénh I¢ch ning lwong bac hai A2E
(phai) theo kich thwéc BnHn2- tai mirc B3LYP/aug-cc-pVTZ

Nhu da dé cap o trén, ciu trac tdi uu cia cluster
B.H,2" tai mot kich thude xac dinh 1a két qua cua
qua trinh gén thém nhém BH vao hé nhé hon. Do
d6, nang luong sinh ra trong nay c¢6 thé dugc xem 1a
ning luong két hop (embedding energy — EE).
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Thong sb nay con c6 thé dugc xem 1a nang luong
tach hay ning lugng phan manh thtr nhét (one-step
fragmentation energy — Ey), 1a ning luong cin cung
cip dé tach nhom BH ra khoi B,H,> thanh By H,.
12, Hinh 3 cho thiy trong cac closo-borane duoc
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khao sat, BeHe*> va B1oH 2>~ duge dic trung bai céac
gia tri Ef 16n nhat. Gia tri E; ciia BgHe> 12 BoH >
lan luot 13 6,76 va 7,43 eV so v6i cac gia tri trong
tmg 5,71 va 4,40 eV cua BsHs> va B, H; > Diéu
nay cho thay kha ning phan ly nhém BH cua BsHe>
va B12H122 1a kém nhat. Nguoc lai, B11H112 1a he
kém 6n dinh nhét, voi gia tri E¢ nho nhat.

Chénh léch ning lugng bac hai 1a mot chi sb
quan trong, thuong dugc sir dung dé danh gia do bén
tuong ddi ciia cac boron cluster (Jia et al., 2013, Mai
et al., 2016). Dac biét, cac dinh trén db thi cua A’E
theo kich thudc cluster duge xac dinh 13 c6 mdi

J

Aus (Co) Auy (Don)
é- LKJ 9
AU7 (Cs) All,g (Dzh)
:‘/ !-‘
Auy (Cyy) Aup (Co)

Augg (Coy)

Au19 (Cs)
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twong quan voi phd khdi thuc nghiém (Baletto and
Ferrando, 2005). Nhu minh hoa trén Hinh 3, cac
borane cluster (g v&in =6, 10 va 12 ¢4 gia tri A’E
dac biét cao so véi cac cluster l1an can, ching to

nhiing h¢ nay 6n dinh hon nhimng cluster xung
quanh. Két qua hoan toan phu hgp vdi nhitng phéan

tich dua trén nang luong phan ly nhom BH Eg
Nguoc lai cac cluster voin = 5,8vallco chénh 1éch
nang luong bic hai (AE) rat thap so vdi céac cluster

1an cin va By H ;> 1a anion kém on dinh nhat.
3.2 Cau tric va do bén ctia Aun

JAVARON

Aus (Cyy) Aus (D3n)
E E A\
Aug (Cyy) Au10 (D2h)
@A
Augs (Coy)

Auzo (T d)

Hinh 4: Ciu triic toi wu ciia cac cluster Aux (N =3 —20)
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Céu trac toi vu cua céac cluster Aun (N =3 — 20)
tinh tai muc 1y thuyét BB95/cc-pVDZ-PP dugc thé
hién trén Hinh 4. Nhin chung, tit ca cac cluster trung
hoa Auy déu xu hudng thé hién trang thai spin thap
o trang thai co ban. Trang thai electron co ban Ia
singlet ddi vai cluster ¢6 s6 electron chin (N chin)
va doublet ddi vdi cluster co sb electron 1& (N 18).
V& mit co ché phat trién cdu tric, cac cluster véi N
=2 — 10 c6 xu hudng ton tai dudi dang phang 2D;
su chuyén di tir cau trac 2D sang 3D bt dau xay ra

'\_/ Vv ]

35 T T T
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tai Auy;. Cluster Auie duoc du doan la mot khoi
Frank-Kasper bi bién dang nhe (tir Ty xuong Dag) do
anh huéng cua hiéu Gmg Jahn-Teller. C4u trac tbi uu
cua cac cluster Auy v6i N = 17 — 20 duoc xay dung
tir khdi Frank-Kasper Auye 16 dinh bang cach gan
thém 1 — 4 nguyén tir vang. Dang tir di¢n va kim ty
thap bi cit ngon cling da dugc xac dinh mdt cach
chic chin 1a nhitng cAu truc t8i uu ctia Auyg va Auyo,
dua trén cac tinh toan DFT va phd hong ngoai xa
(Gruene et al., 2008).

Hinh 5: Bién thién ning lugng phan manh Es (trai) va bién thién chénh 1éch niing hrgng bic hai A’E
(phai) theo kich thuée Aun tai mirc BB95/cc-pVDZ-PP

Tuwong ty nhu borane cluster, do bén cua céc
cluser Auy ciing dugc danh gia thong qua cac tham
sO nhiét dong 1a ning lugng phan manh Eg va chénh
léch ning luong bac hai A’E. Ning luong phéan
manh E; trong truong nay chinh 1 nang lugng can
cung cip dé tich mot nguyén tir Au ra khoi Auy
thanh Auy.. Hinh 5 cho thay cac cluster v6i N chin
¢6 gia tri Er cao hon cac cluster voi N 1¢. Piéu nay
c6 nghia 1a twong tac gilta cac nguyén tir Au trong
cluster v&i N chin manh hon N 1&. Néi cach khac,
cac cluster voi N chin bén hon cluster véi N 1¢.
Trong nhém céac cluster dugc khao sat thi Aue va
Auy 6 gia tri Ef cao bit thuong nén duoc du doan
la dic biét bén. Gidng nhu ning luong tich mot
nguyén tir, chénh Iéch nang lugng bac hai cua céac
cluster Auy (Hinh 5) ciing bién thién theo qui luat
chén 1é. Theo d6, Aus va Auy la nhitng hé c6 gid tri
AE 16n nhat (1,48 va 1,75 eV). Nguoc lai, Aus 1a h¢
kém bén nhat véi gia tri A’E 4m nhét (-1,38 eV).

Toém lai, cac gia tri Er va A’E ciia Aun bién thién
theo qui lut chin 1¢. Cluster véi s nguyén tir chin
thuong bén hon cluster véi s nguyén tir 16. Nang
lurong tach mdt nguyén tir cling nhu chénh 1éch nang
lwong béac hai ciia Aug va Auy cao bat thuong nén
trong sb cac cluster dwoc khao sat thi nhitng hé nay
duoc du doan 1a dic biét bén. Nguoc lai, cac cluster
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Aus va Auy dugc du doan 1a cuc ky rat kém 6n dinh.
3.3 Mo hinh PSM

Nhirng phén tich ¢ trén cho thiy mot s6 cluster
dic biét bén viing. Trong céac closo-borane dugc
khao sat, B(,HG va BioHip? ¢6 d6 bén nhiét dong
s0 véi cac chu tir bén canh. Nhitng h¢ nay khong
nhitng tao nén nhirng cau trac c6 tinh ddi ximg cao
ma cdn s6 hitu nhitng c4u hinh electron vo déng. Sau
day, chung ta s& xem xét cdu truc electron ciia ching
theo mo6 hinh PSM. Trong BsHe>, tong s6 electron
linh dong 1a 26 (mot electron tir mdi nguyén tir H, 3
electron tir mdi nguyén tir B va thém 2 dién tich 4m).
Cluster c¢6 cau truc bat dién déu nén dugce xem nhu
¢6 dang cau. Theo mo hinh PSM, 26 electron hoa tri
tuong ng v&i mot cau hinh bio hoa. Trat tu ning
luong cua orbital hoa tri trén Hinh 6 rd rang cho thay
BeHg? ¢6 26 electron linh ddng véi cau hinh bao hoa
1S%/1P%/2S%/1D'%/2PS. Ba orbital ning luong cao
(HOMO) 14 suy bién, c6 ban chét cua phan 16p P,
trong khi orbital thip hon thyc sy mang ban chat D.
Mot cach chinh xac hon, trong truong bat dién Oy, 5
orbital D bi tach thanh 2 murc nang luong Ts, va E,.
bo ben nhiét dong cao ctia BeHq? nhu vay xuat phat
tir cAu tric electron vo dong ctia nod, véi 26 electron
hoa tri dién day vao 13 MO.
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Hinh 6: Hinh dang ciia cdc orbital hoa tri trong
anion B¢He>

Déi voi BioHyp?, tong sb electron linh dong 1a
50. Céu tric bén nhét cua BpH 2 1a mot khdi 20
mat (icosahedron) nén ciling dugc xem nhu cluster
¢6 dang hinh cau. Trat ty nang lugng ciia cic orbital
trén Hinh 7 rd rang cho thay 50 electron linh dong
trong BiH > v6i twong g véi cau hinh electron
bda hoa 1S%1P%2S¥1D'/2P%/1F*#/2D!. Cac
orbital bi chiém cao nhat (HOMO) la suy bién bac
nam, c6 ban chit ciia phan 16p D. Trong khi dé, cac
orbital thap hon thudc 16p vo F. Tuy nhién, can luu
y trong truong Iy, 7 orbital F bi tach thanh 2 muc
nang luong (trang thai) Ty, va Gy. Tuong tu nhu
BsHe2, d0 bén nhiét dong cao cuia Bi,H 22 xuét phat
tir cAu tric electron v dong ctia nd, véi 50 electron
hoéa tri dién day vao 25 MO.
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Hinh 7: Hinh dang ciia cac orbital hoéa tri trong
anion BizH12>"

M6 hinh PSM ciing c6 thé ap dung cho cic
cluster vang. Dang bén nhit ciia Aug 1a mot tam giac
déu (d6i xtrng D3p) nhu minh hoa trén Hinh 2. Trong
Aus, s6 electron linh dong 13 6 (mdi nguyén tir vang
dong gop mot electron tir orbital 6s). Cau truc cia
cluster c6 dang phang nén theo mo hinh PSM no s&
c6 chu tric electron la 1S? {1P21PZ}.



Trat tuy nang luong cua cac orbital hoa tri trén
Hinh 8 13 rang cho thay cluster Aug v6i 6 electron
linh dong c6 cdu tric electron 1a 1S? {1P21P?}. Hai
orbital bi chiém cao nhat (HOMO) la nhiing orbital
suy bién va co ban chat P, trong khi d6 HOMO-1
chinh 13 mot orbital kiéu S (d6i xting hoan toan).
Orbital khong bi chiém thip nhit (LUMO) ciing 1a
nhitng orbital suy bién nhung c6 ban chit D. D6 bén
cao ciia Aug nhu vy c6 thé dwoc giai thich 1a do n6
¢6 cAu tric electron bdo hoa véi 6 electron hoa tri
phan b6 vao 3 orbital.

Tap chi Khoa hoc Truong Pai hoc Can Tho Tap 55, S6 54 (2019): 74-81
Tiép theo, ching ta xét cdu tric electron cua
Auy. Cluster nay ciing dac biét bén so véi cac

cluster bénh. Dang bén nhit cia né 1a mot

tetrahedron (kim ty thap, dbi xing Ty). Vi cluster
¢6 dang gan nhu hinh cau va 20 electron héa tri, no
cling twong (mg véi mot cAu trac electron bio hoa.
That vy, Hinh 9 cho thiy Auy c6 mét cdu trac
electron bén vitng 1S¥1P%/1D'%/2S% Piéu nay giai

thich cho tinh d6i xtng cao va do bén dic biét
cua no.

Hinh 8: Cac orbital hoéa trj trong Aus. Sau
electron hoa tri chiém 3 orbital 1S, 1P,, 1P,

Hinh 9: CAu tric electron ciia Auzo véi cAu hinh vé déng 1S%/1P%/1D'9/2S?

4 KET LUAN mot s6 closo-hydroborate dianion B,H,2" m=5-
L o R 12) va vang cluster Aux (N = 2 — 20). D9 on dinh

Trong nghién ctru nay, ly thuyct phiém ham mat dic biét ciia mot sb cluster sau d6 duge giai thich

d6 dugc sir dung dé khao sat cau trac va do bén cua thong qua moé hinh PSM. Nhin chung, cdc anion
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B.H,2" ua thich cdu tric dang 16ng khép kin dugc
tao nén tir cac tam giac Bs. Céu trac tdi wru cua chung
tai mot kich thudce xac dinh 13 két qua cua qué trinh
gan thém nhém BH vao dang bén nhit cia hé nho
hon. Nhitng phan tich dua trén cic tham sd nhiét
dong nhu nang lugng phan ly nhém BH, chénh 1éch
nang lugng bac hai va chénh léch HOMO-LUMO
cho thiy trong cac cluster dugc khao sat BgHg2 va
Bi:Hi2? 1a nhitng hé dic biét bén. Nhirg phan
tich twong tu cho cac cluster Auy cho thdy Aus va
Auy 1a nhiing hé dac biét bén. Hién tugng nay co
thé dé dang giai thich bang mé hinh PSM. Anion
BeH¢2™ v6i 26 electron linh dong c6 cdu trac bat
dién déu (Op) va chu hinh electron bdo hoa
1S%/1P6/2S%/1D'%/2PS. Theo md hinh PSM, khéi 20
mit Bi;H 22 (50 electron hoa tri) ciing ¢6 cu tric
vo dong 1S%/1P%/28%/1D'%/2P%/1F'4/2D'. Twong tu,
Aug va Au20 ciing ¢ cu tric electron bén ving tmg
v6i cac s6 ky diéu 1a 6 va 20. Vi vay, nhimng hé nay
¢6 cdu tric di xtng cao va dic biét on dinh so voi
cac cluster duoc khao sat.

LOI CAM TA

Nhoém tac gia xin chan thanh cdm on trung tam
tinh toan Pai hoc Jackson States, Hoa Ky da cho
phép sir dung strc méay dé thyc hién nhiing tinh toan
trong nghién curu nay.
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