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Abstract: The geometries and stabilities of VGe." (n = 9 - 13) clusters were
systematically studied with the density functional theory (DFT) using the BP86
functional and LANL2DZ basis set. Several possible multiplicities of each cluster were
tested to determine the most stable structure among the isomers. The average binding
energy per atom, fragmentation energy, second order energy difference and HOMO-
LUMO gaps were evaluated. The results indicate that the neutral and anionic clusters
possessed higher stability when n = 10 and 12. The vertical detachment energy (VDE)
and adiabatic detachment energy (ADE) were also calculated for anionic clusters to
investigate their stabilities. Among the neutral clusters, VGeio had both the highest
vertical ionization potential (VIP) and chemical hardness.
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Nghién ctru so sanh chu truc, do bén cua Cluster Germanium
pha tap Vanadium dang trung hoa va dang anion VGe,-
(n = 9 - 13) bang phuong phap phiém ham mat do
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Tém tit: Cau trac hinh hoc, d6 bén cua céc cluster VGer?” (n = 9 - 13) duoc nghién ctu
mot cach hé thong bang 1y thuyét phiém ham mat 6 (DFT) sir dung phiém ham BP86 két
hop vé6i bd ham co s& LANL2DZ. Méi cAu trac cluster déu duge khao sat & nhiéu do boi
khac nhau dé xac dinh cdu tric bén nhét trong tit ca cac dong phan. Ning luong lién két
trung binh, ning lugng phan manh, bién thién ning lugng bac hai va khoang cich ning
luong HOMO-LUMO da duoc tinh toan. Két qua chi ra rang cac cluster trung hoa va
anion c6 d66n dinh cao hon khi n = 10 va 12. Nang lugng tach VDE va ADE ciing duoc
xac dinh dé nghién ctru sudn dinh cua cluster anion. VGeio ¢6 thé ion hoa (VIP) va d6
ctmg hoa hoc cao nhét trong tat ca cac cluster trung hoa.

Tuwr khoa: BP86/LANL2DZ, nang lugng lién két, cluster VGe %", cau trac cluster.

1. Giéi thiéu

Cluster ban dan cta cac kim loai chuyén
tiép dang tr¢ thanh chu d& hip dan ddi voi cac
nha khoa hoc trong viéc phat trién tim kiém vat
lidu méi [1, 2]. Oxit cta cac nguyén td p trong
bang hé théng tudn hoan bao gom Ga®*, Ge**,
In®*, Sn* va Sb® v&i ciu hinh electron vo d°
tao thanh mot nhom chét co hoat tinh xuc tac
quang cho su phan huy tao thanh H, va O [3, 4].
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Nghién ciru vé cluster vat liéu clia cic nguyén
t6 v6i cau hinh 16p vo d'° 1a mot hudng nghién
clru ddy tiém ning trong su phat trién cua céac
nganh méi ung dung nano. Tinh chit cia vat
liéu nay c6 thé dugce tham do bang cach khao
sat sy bién doi kich thudc, hinh dang va thanh
phan cua cluster. Cluster clia germanium pha
tap kim loai chuyén tiép da dugc nghién ciru
nhidu ca vé 1y thuyét va thuc nghiém. Vat liéu
ban dan cia germanium v&i cdu hinh d*°, duoc
nghién ciru st dung trong nhiéu linh vuc nhu
quang xuc tac, quang detector, vat liéu dién cuc
am cho pin lithium-ion nang lugng cao, nano
day, vat liéu siéu dan,... [4-9].
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D06 bén va cdu triic ciia cluster germanium
pha tap kim loai vanadium da dugc mét sb
nghién ctu thyc hi¢n. Nam 2016, Xiao-Jiao
Deng va cong su bang cach dung thuc nghiém
pho quang electron va phuong phap phiém ham
mat doB3PW91/6-311+G(d) xac dinh dugc tinh
chat electron va cdu trac bén cia cic cluster
VGe,™ (n =3 - 12) [10]. Nam 2017, ciing bang
phuong phép DFT st dung sy gin ding
gradient suy rong (generalized gradient
approximation - GGA) voéi ham PBE dé tinh
ning luong trao d6i GGA [11] qua phian mém
SIESTA, Chaouki Siouani va cong sy da nghién
clru cdu triic, tinh 6n dinh va tinh chat electron,
tur tinh cua cluster VGen (n =1 - 19) [12]. Tuy
nhién, co su sai khac vé dang hinh hoc cua cau
trac dong phan bén cluster trung hoa trong két
qua ctia nhom Chaouki Siouani so v&i nhom
Xiao-Jiao Deng.

Dé danh gia do bén viing tuong dbi cua cac
cluster trung hoa va anion, cac thong sb tinh
toan thuong duge dua ra nhu ndng lugng tach
electron, ning lugng ion héa, do cing. Van
dé str dung ning luong lién két trung binh khi
khao sat vé do bén ciia cluster anion VGen™ hay
nang lugng phin manh cua cac cluster trung
hoa VGe, van chua dugc chu trong trong cc
nghién ctru trude day. Khi cluster germanium
dat gia tri n = 9 tré 1€n thi cAu tric léng kin
thuong s& xuat hién va bao boc nguyén tir kim
loai dugc pha tap vao cluster lam cho ching tré
nén ben viing hon [13, 14]. Ngoai ra, qua tim
hleu vé cac nghién clu trude, chung toi thiy
rang chua c6 mot cong trinh nao khao sat do
bén va ciu tric cta VGesd dang anion. Vi vay
trong bai bio ndy, ching t6i di tién hanh so
sanh cdu trac va do bén cua cluster germanium
pha tap vanadium c6 kich thudc 16n ¢ dang
trung hoa va dang anion VGe,"" (n = 9 - 13)
bang phuong phap phiém ham mat d6 (DFT) dé
1am rd rang hon cac van dé trén.

2. Phwong phap tinh

Phuong phap phiém ham mat do (DFT)
duoc nhiéu nha khoa hoc st dung nham du

doén céu tric, do bén va tinh chét electron cia
cacclusters kim loai [3, 10, 15, 16]. Trong nhiéu
phiém ham dopugc sir dung dbi voi phuong
phap DFT thi phiém ham BP86 [17] két hop véi
bo ham co sé LANL2DZ [18-20] té ra dat dugc
két qua tot c6 do tin cdy cao, phu hop véi cac
gia tri thyc nghiém khi ap dung cho viée tinh
toan ciu trac cac cluster kim loai chuyén tlep
dugc chon trong cac bai bao nay [21, 22]. Tat
ca cac tinh toan thuc hién tdi vu hinh hoc, tin
s6 dao dong va ning lugng cua cac cu tric
trong nghién ciru nay st dung phuong phap
BP86/LANL2DZ théng qua phin mém
Gaussian 09 [23].

3. Két qua va thao luin

Trong nghién clru nay da du doan rat nhidu
cac cdu trac bén cua cac cluster VGes % (n=9-
13) trong qué trinh tim kiém cu thé nhu dong
phan VGeyo™ da tim dugc 10 dong phin bén va 6
dong phan bén cua VGeis v6i nang lugng khac
nhau. Nhung trong hinh 1 dudi day chi dua ra
nhiéu nhat 4 dong phan bén c6 ning luong
tuong d6i thap nhat di véi mdi dang cluster.
Céc dong phan cua cluster VGen?” duoc ki hiéu
la nx-k , trong d6 n 1a s6 nguyén tir Ge, n = 9,
10, 11, 12, 13; x = n néu cluster 1a trung hoa, x
= a néu cluster 13 anion (-), k 13 s6 tu nhién bt
dau tir 1 dén 4 duoc sap xép ting dan theo chiéu
cla nang lugng tuong dbi. Cac thong tin khac
cua ddng phan duoc chi ra trong ngodc vudng [
] gdm: trang thai electron, nhom diém ddi xing
va niang luong twong ddi tinh theo eV (hinh 1).
Ning luong tuong dbi cia cac ddng phan duoc
tinh tir sy khac nhau cta ning luong tong (da
dugc hiéu chinh ning luong diém khong ZPE)
so v6i ddng phan co ning luong thip nhét.

3.1. Pong phdn bén cia cluster trung hoa VGen (N
=9-13)

Dong phan bén cua cluster VGey déu ¢ ciu
trac dang thuyén voi thém mot nguyén tu
germanium phén b tai cic vi tri khac nhau phia
trén thuyén.Trong d6, dong phan bén nhit ddi
v6i cluster VGeg 1a 9n-1 c6 cau tric dang
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thuyén bién dang v&i nguyén tr germanium
phia trén thuyén nam léch so voi nguyén tir
trung tdm vanadium mot it va déng phan nay
ton tai ¢ trang thai doublet. Pong phan 9n-2,
9n-3, 9n-4 déu c6 ciu triic thuyén hoan chinh
nhung 9n-2 ¢ nguyén tir germanium phia trén
thuyén phan bd cing vi tri trung tim so véi
nguyén tir vanadium con 9n-3 va 9n-4 lai co
nguyén tir germanium phia trén thuyén nim
léch sang trai. Cac dong phan 9n-2, 9n-3, 9n-4
c6 muc nang luong chénh Iéch lan luot 1a 0,43
eV;0,57eVvaldleV.

Pong phan bén 10n-1 c6 cau trac dang
thuyén hoan chinh véi 2 nguyén tir germanium
phia trén thuyén phan b trudc va sau so véi
nguyén tir trung tdm vanadium, ddng phan nay
ton tai o trang thai doublet. Déi voi dong phan
10n-2 ciing ¢ cdu tric dang hinh thuyén hoan
chinh nhung ¢6 hai nguyén tir germanium phia
trén thuyén nam ddi xing hai bén trai va phai
so véi nguyén ti trung tdm vanadium va cé
mirc chénh léch ning lugng ddi véi 10n-1 14
0,35 eV. Pong phan 9n-3 va 9n-4 déu co dang
hinh lang tru ndm canh bat ddi xing véi nguyén
tr vanadium chiémo vi tri trung tim cia léng

try, dang hinh hoc nay cé thé chép nhan la mét
dang ciu tric 16ng, hai dong phan nay c6 trang
thai ton tai 1an luot 13 doublet va quartet va muc
nang lugng chénh Iéch 14 0,74 eV va 1,09 eV.

DPong phan bén nhét cua cluster VGers 12
11n-1 ¢6 ciu triic dang hai kh6i hop c6 sau mit
hinh thoi xép chdng 1én nhau & mot mat bén véi
nguyén tr vanadium nam & canh chung va &
trang thai doublet. DPong phan 11n-2 cing co
cAu triic twong tyl1n-1, nhung trang thai ton tai
1a quartet va chénh léch ning luong twong dbi
120,28 eV.

Pong phan bén cua cluster VGer, 1a 12n-1
¢ cdu tric dang ling tru sau canh bién dang
v6i nguyén tir vanadium chiémd trung tim cua
lang try. Dong phan nay ton tai ¢ trang thai
doublet. Hai dong phan 12n-2 va 12n-3 déu c6
dang ling tru bién dang voi 2 mat day khac
nhau, nhung trang thai ton tai va nhom diém ddi
xing gidng hoan toan véi dong phan bén va
chénh léch ning luong twong ddi lan luot l1a
0,40 eV va 0,60 eV.
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Hinh 1. Cau tric bén cia cac cluster VGea® (n =9 - 13).
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Tat ca cac dong phan bén cua cluster VGeis
déu c6 dang lang tru sdu canh bién dang véi
mot nguyén tir germanium phan béo mat day,
con nguyén tir vanadium chiémd trung tim ling
try. Nhung trang thai ton tai lai khac nhau dién
hinh 1a dong phan bén nhat 13n-1 c6 trang thai
1a doublet, dong phan 13n-2 co trang thai la
quartet va ddong phan 13n-3 co trang thai la
sextet. Cac dong phan 13n-2 va 13n-3 ¢6 mic
chénh léch ning luong twong dbi so voi dong
phan bén 1an lugt 12 0,85 eV va 1,63 eV.

Nhin chung két qua xac dinh cac dong
phan bén cua cluster VGe, (n = 9 - 13) duoc
tim thiy trong nghién ciru nay c6 sy twong dong
voi nghién ciru cua nhom tac gidXiao-Jiao
Deng [10] nhung lai sy sai khic so voi nghién
clru cua nhém tac giaSiouani [12]. Ch1 duy nhét
ddng phan VGeis c6 su tuong dong vé cdu tric
so vOi nghién ctru cia nhoém tac gia Siouani.

3.2. Pong phdn bén cuia cluster anion VGey (n =
9-13)

Pong phén cua cluster VGey™ ton tai & cac
dang hinh hoc khac nhau. Péng phan bén nhat
1a dong phan 9a-1 c6 cu triic bat dién hay con
goi la kim ty thap d6i tim mat voi ba nguyén tir
germanium phéan b tai cac vi tri khac nhau,
trong d6 hai nguyén tir germanium nam ¢ hai
mat trén clia cia kim ty thap trén con mot
nguyén tir germanium con lai thi nAmé mot mat
dudi cta kim tu thap dudi. Didu dic biét la
nguyén tir vanadium lai chiém¢ trung tdm cua
bat dién 1am cho cAu trac bén nhit trg thanh ciu
trac 16ng bén ving va ton tai O trang thai
singlet. Va du doan rang ciu trac 10ng s& xuét
hién & cac gia tri n tiép theo. Cac dong phan
con lai déu c6 ciu trac 1a nguyén tir vanadium
16 ra ngoai va nang luong tuong ddi 1 0,02 eV;
0,52 ¢eV; 1,33 eV. Déng phéan 9a-2 c6 muic nang
lugng chénh 1éch nho so véi 9a-1 nén dugc cho
rang ca hai dong phan nay déu cung ton tai.

Céu trac bén nhit cua cluster VGeio™ 13 10a-
1 tuong ty nhu 10n-1 ton tai o trang thai
singlet. Cac dong phan tiép theo thi co mic
ning luong chénh léch twong dbi so voi dong
phan bén 10a-1 lan luot 13 0,21 eV; 0,85 eV va

0,86 eV va déu ton tai & trang thai singlet
nhung 10-4 c6 trang thai 1a triplet. Puing nhu du
doén, cAu tric léng da xudt hién & n=10, da tao
nén cho déng phin ndy mot cdu tric bén
hoan hao.

11a-1 1a dong phan bén nhat cua cluster
VGeur', ¢6 ciu tric dang hinh lang tru nam canh
bat d6i xung véi nguyén tir germanium phan
b60 mit diy cua ling try va nguyén tir
vanadium chiém tron & vi tri trung tAm cua lang
try, trang thai ton tai 14 triplet. Dong phan 11a-2
cling ¢o cdu trac dang hinh ling try nim canh
bat ddi xtmg v4i nguyén tir germanium namo
mat ddy cua lang tru va nguyén ti vanadium
chiém tron & vi tri trung tAm cua lang tru nhung
bién dang hon so voi ddng phan bén. Piéu do
dan dén trang thai ton tai thay do6i 1a singlet.
Mirc chénh léch ning luong cho dong phan nay
so v6i ddng phan bén 12 0,18 eV.

Déi véi VGel2- thi 12a-1 ¢6 cu trac tuong
tur voi dong phan bén 12n-1, ddng phan nay c6 va
trang thai 1a singlet. Cac dong phan 12a-2, 12a-3
va 12a-4 déu c6 chung mot dang ciu trac 14 dang
lang tru bién dang véi mot hai mat day khac nhau,
mét ddy 1a ndm canh va mét day la sdu canh,
nguyén tr germanium phan bd tai mdt day sau
canh va nguyén tir vanadium chiém & vi trf trung
tdm cua lang tru. Muc nang lugng chénh Iéch
nang luong cla cic dong phan 12a-2, 12a-3 va
12a-4 lan luot 13 0,7241 eV; 0,7245 eV va 1,01 eV.

Céc dong phan cua cluster VGegs™ ciing ¢
ciu triic twong ty voi cac dong phan cua cluster
VGess 1a dang lang tru sau canh bién dang véi
mot nguyén tir germanium phan bd & mit day,
con nguyén tir vanadium chiém & trung tdm
lang try. Cac dong phan nay ching nhimng giéng
nhau & ciu tric ma con giéng nhau vé trang thai
ton tai la singlet. Mirc ning luong chéch léch
ctia cac dong phan 13a-2, 13a-3 va 13a-4 so véi
dong phan bén 13a-1 lan luot 1a 0,008 eV; 0,03
eV va 0,12 eV. Vi niang lugng chénh 1éch tuong
d6i ciia 13a-2 va 13a-3 so v6i dong phan bén
twong d6i nho nén kha ning ton tai cua hai
ddng phan nay v6i dong phan bén 1a rat cao.

Nhu viy, da co sy twong dong vé cau trac
bén cua cluster anion VGey (n = 9 — 13) ma
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nghién ctru niy tim ra so véi két qua nghién
clru cuia nhom tac gia Xiao-Jiao Deng [10].

3.3 So sanh dé bén cua cluster VGe (N =9 —
13)

Dé khao sat do bén ciia cac cluster pha tap,
mot sO thong s6 nang lugng sau dugce tinh toan

cho ddng phan bén nhét: ning lugc tach VDE,
nang luong tach ADE, thé ion hoa VIP, ai luc
electron VEA, d¢ cing hoda hoc (1), ndng luong
lién két trung binh (Ep), bién thién ning lugng bac
hai (A%E), nang lugng phan méanh thi nhat (Er) va
khoang cach nang luong HOMO-LUMO (Egp).

Bang 1. Thé ion héa VIP, ai lyc electron VEA, d6 cting hoa hoc n, Nang lugng lién két trung binh Ey, bién thién

nang luong bac hai AZE, Ning lugng phan manh Ef, khodng cach ning lvong HOMO-LUMO Eggyp ctia cluster
VGen (Nn=9-13) (eV)

VGen VIP VEA n Eb NE Ef Egap
VGey 7,34 3,10 4,24 4,10 -0,26 4,63 1,03
VGew 7,51 2,70 4,80 4,17 1,06 4,89 1,57
VGeu 6,80 3,15 3,65 4,14 -1,40 3,83 0,76
VGerz 6,87 3,09 3,78 4,22 0,71 5,23 1,12
VGeizs 6,45 2,65 3,79 4,24 0,43 4,52 1,17

Bang 2.Ning luong tich VDE, niang lugng tach ADE, Nang luong lién két trung binh Ep, bién thién ning

lugng bac hai A’E, Ning lugng phan manh tht nhit Ef, khoang cach ning lugng HOMO-LUMO Egp clia
cluster VGe,™ (n =9 —13) (eV)

VGen VDE ADE Eb A’E Es Egap
VGeg 3,53 3,41 4,34 -0,28 4,80 1,27
VGew 3,45 3,60 4,41 1,36 5,09 1,36
VGen 3,15 3,50 4,35 -1,65 3,72 0,66
VGerz 3,44 3,64 4,43 1,61 5,37 1,30
VGeis 2,66 2,88 4,38 -0,96 3,76 1,78

3.3.1. Nang lwong tdch

Nang lugc tach VDE (vertical detachment
energy) va nang lugng tach ADE (adiabatic
detachment energy) 13 cac thong sb dic trung
dé khao sat tinh 6n dinh tuong di cua cluster
anion duogc tinh theo cong thuc:

VDE = Etrungh()a - Eanion ;
ADE=E E

Trong d6, Ewung nea (VDE) 1a nidng lugng
tong cua cluster trung hoa duoc téi u hoa cliing
dang hinh hoc co ban voéi cluster ctiia anion,
Etrung hoa (ADE) VA Eanion 1an luot 13 ning luong
tong ciia cluster trung hoa va anion ¢ trang thai
co ban duoc ti wu riéng r&. Két qua tinh toan
duoc théng ké & bang 1 va dd thi biéu dién sy

trunghda ~ —anion

phu thudc cia ADE va VDE vao kich thudc
cluster duoc thé hién & hinh 2.

Dua vao d6 thi, théy duoc cac cluster anion
déu c6 VDE va ADE cao & cac n chin va thip ¢
cac n 1é, riéng VDE cua VGeg Ccao vuot trdi so
v6i cac cluster trong nghién ctru. Pdng thoi, cac
gia tri nang luong tach VDE va nang lugng tach
ADE phu hop véi céc gia tri thuc nghiém trong
nghién ctru cta nhom tac gia Xiao-Jiao Deng
[10], cu thé nhu gia tri ADE cia VGei va
VG2 lan luot 14 3,50 eV va 3,64 eV so voi gid
tri thuc nghiém lan luot 14 3,6 va 3,4 eV voi sai
s6 1a £0,2eV gin so voi thuc nghiém hay gia
tri VGe1o c6 gia tri VDE = 3,45 eV cling rat
gan so v&i gia tri thyc nghiém 1a 3,44 eV. Qua
do, nghién ciru nay da chi ra cac cluster VGeio
va VGexs ¢6 sudn dinh cao cho nén chung dugc
du doan 1a bén vitng.
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Hinh 6. Sy phu thudc cta ning lugng phan manh
vao kich thudc cluster VGen.
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Hinh 3. Su phu thudc cta thé ion hoa, ai luc
electron va d§ cting hoa hoc vao kich thudc cluster
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Hinh 5. Sy phu thudc cia bién thién nang lugng
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Hinh 7. Sy phu thudc cua khoang cach nang luong
HOMO-LUMO vao kich thuéc cluster VGen-.
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3.3.2. Thé ion héa, di luc electron va dé
cung hoa hoc

Thé ion hdéa VIP (vertical ionization
potential), ai luc electron VEA (vertical
electron affinity) va do cimg héa hoc (n) la
nhitng théng s6 dic trung dé khao sat tinh on
dinh tuong ddi cia cluster trung hoa va duoc
tinh toan theo cong thuec:

VIP =E_

cation Etrunghéa;
VEA =E —E_..; n=VIP-VEA

anion ’
Trong d6, Eeaionva Eaon 13n luot 14 gia tri
ning luong tong tuong tng cua cluster cation
va anion dugce toi vu hoa cung dang hinh hoc co
ban véi cluster trung hoa, Eiung nea 1& ndng lugng
tong cua cluster trung hoa ¢ trang thai co ban.
Két qua tinh toan duoc thong ké ¢ bang 2 va dod
thi biéu dién sy phu thudc ciia VIP, VEA va n
véao kich thudc cluster dugc thé hién & hinh 3.
Dua vao d6 thi, cac cluster trung hoa co6 sy bién
ddi & cac thong sd khong tuan theo quy luat.
Cluster VGeyo ¢6 gi tri cao nhat & do cimg hoa
hoc va VIP nhung lai rat thép 0 VEA, con
VGey lai cé gia tri cao nhit & VEA nhung lai
thip & hai dai lugng con lai. Vi thé, du doan
VGio ¢6 tinh on dinh cao nhat trong cluster
trung hoa.

trunghoa

3.3.3. Nang lwong lién két trung binh, bién
thién nang luong bdc 2, nang lwong phan manh
va khodng cdach nang lwong HOMO-LUMO

Dé khao sat day du hon vé do bén cho ca
cluster trung hoa va anion, nghién ctru nay su
dung thém cac thong s6 1a nang luong lién két
trung binh (Ep), bién thién ning luong bac hai
(A%E), ning lugng phan méanh (Ef) va khoang
cach nang lwuong HOMO-LUMO (Egap) va duoc
tinh theo cong thirc sau:

NEg +Ey—Eyg,
b ven n+1

B (n-1).Ec.+E,+E_ —E

Ve~ n+1

VGe,~

= _ .
AE= EVGeM‘”' + EVGeMO/' 2Evc;e"‘”' !
Ef ved- - EGe + EVGegl:l - EVGegF
Egap =E umo —Eromo
E - E 0/- E 0/- by
Trong do, B , ce, EV, Veer | VGen |3

nang lugng tong cua cic nguyén ta V, Ge, Ge
va cac cluster VGey®, VGen1?” bén nhat ¢ trang
thai co ban. Két qua tinh toan duoc thong ké &
bang 1 va bang 2 va d6 thi biéu dién sy phu
thudc cua En, A%E, Ef va Egp vao kich thudc
cluster duge thé hién lan luot & céc hinh 4, hinh
5, hinh 6 va hinh 7. Nhin vao cac dd thi, nhan
thiy mot diém chung 1a hau nhu ching déu ting
& cac gia tri n chan va giam & cac gia tri n 1é.
Diéu d6 cho thay rang, & cac cluster VGeio® va
VGe? ¢ subn dinh trong ddi lam cho ching
tré nén bén hon so voi cac cluster trong hé
nghién ctru. Ngoai ra, cluster VGen'(n = 10, 12)
6 céc gia tri Ep, A’E, Ef 16n hon so v6i VGen (n
= 10, 12) nén c6 thé khang dinh rang cluster
VGey(n = 10, 12) ¢6 xu hudéng bén hon so véi
cluster VGe, (n = 10, 12). Mit khac, khi nhin
vao khoang cach nang lugng HOMO-LUMO,
nghién ciru ndy cho thdy VGeio ¢ khoang cach
nang lugng HOMO-LUMO cao vuogt trdi,
khoang 1,57 eV, tiép d6 1a VGeir €O Egyp =
1,36 eV. Két hop véi cac phan tich vé thong s6
bén & trén, nghién ciru nay di chi ra cluster
VGey va VGero hai dang trung hoa va anion sé
bén nhét trong cac cluster trong nghién ctru nay.

3. Két luan

Céu truc hinh hoc va do bén cua cac cluster
VGe (n =9 - 13) di dugc nghién ciru mot
cach hé thdng bang 1y thuyét phiém ham mat do
sir dung phiém ham BP86 két hop voi bd ham
co s6 LANL2DZ. Cac cdu triic bén nhat & dang
trung hoa va dang anion déu c6 spin & trang thai
lan luot 1a doublet va singlet. Dwa vao ning
luong tach VDE va ADE thdy duoc VGeio VA
VGeyo s€ 1a nhitng cAu trac rat 6n dinh.Dua vao
thé ion hoa va do cung hoa hoc thi VGeo c6
tinh bén vimg cao. Cac gia tri ning lugng lién
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két trung binh, bién thién nang luong bic hai,
nang luong phan manh, khoang cich nang
lugng HOMO-LUMO cho thiy cic cluster
VGen® (n= 10 va 12) bén hon cac cluster khac
trong hé nghién ctru. Tong hop cac thong sb
bén, nghién ctru nay cho ring VGe,?" bén nhait
tain=10 va 12 trong pham vin=9 - 13.
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