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Abstract: The geometries, stabilities, and electronic properties of vanadium-doped germanium
clusters Ge,V”* (n=2-8) were systematically investigated using density functional theory (DFT) at
the PBE level and the 6-311+G(d) basis set. The results show that the geometries of
the neutral and cationic structures of the clusters are significantly different at n = 6 or 7 structures.
The ground state of neutral clusters is a doublet, except Ge,V (quartet) while that of cationic
clusters is a triplet, except GegV" (singlet). The average binding energy values increase with the
increasing cluster size, and these values are more stable for the cationic clusters than for the neutral
clusters at the same size. Furthermore, the calculated values of fragmentation energy, second-order
energy difference, HOMO-LUMO gap, and adiabatic ionization potential suggest that the neutral
clusters are higher stability at n = 2, 5, 8 structures and the cation clusters are more stable at n = 2,
3, 5 and 6 structures.
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So sanh cau tric, do bén cua cluster germanium pha tap
vanadium dang trung hoa va dang cation GenVY* (n=2-8)
bang phuong phap phi€ém ham mat do

Nguyén Hitu Tho*, Pham Hong Cam

Truong Dai hoc Sai GOn, 273 An Duong Vuong, Phuong 3,
Qudan 5, Thanh phé Hé Chi Minh, Viét Nam

Nhén ngay 11 thang 6 ndm 2021
Chinh sira ngay 18 thdng 9 nam 2021; Chap nhan dang ngay 25 thang 9 nam 2021

Tém tit: Hinh hoc, 6 bén va tinh chit electron cuia cac cluster germanium pha tap vanadium
Ge V¥ (n=2-8) da duoc nghién ciru mot cach c6 hé théng bang 1y thuyét phiém ham mat do véi
phiém ham PBE va bo ham co s& 6-311+G(d). Két qua tinh toan cho thiy ciu trac hinh hoc cia
céc cluster dang trung hoa va cation chi khac nhau nhiéu & kich thuéce n = 6, 7. Trang thai co ban
cua cluster trung hoa 1a doublet ngoai trir truong hop Ge,V 1a quartet, trong khi trang thai co ban
cuia cac cluster cation 1a triplet ngoai trir GegV* 14 singlet. Gia tri ning lwong lién két trung binh
tang dan khi kich thudc n cua cluster ting 1én. Gid tri ning luong lién két trung binh ciing cho thiy
khi ¢6 cung kich thude, cluster dang cation bén hon so véi dang trung hoa. Ngoai ra, két qua tinh
cic thong sé niang lwong phan manh, bién thién ning lwong bic 2, khoang cach ning
lugng HOMO-LUMO va thé ion hoa adiabatic cho thdy cac cluster dang trung hoa bén hon véi
n=2,5, 8 con céc cluster cation bén hon véin =2, 3,5,6.

Tir khéa: PBE, germanium, nang luong lién két, cluster.

1. Mé diu

Germanium duogc biét dén 1a mot vat liéu
ban dan quan trong boi cac dac tinh electron uu
viét va do linh dong 16 tréng cua no [1, 2. Mot
sd nghién ctru trude day cho thdy rang cac tinh
chat hinh hoc, electron, tir tinh cua cac cluster
Ge pha tap kim loai chuyén tiép c6 sy khac biét
rat 16m so voi cac cluster Ge tinh khiét, cac tinh
chét nay s& thay d6i trong Gng voi kich thude
ctia cluster va ban chét cua nguyén tir kim loai
dugc pha tap [3, 4]. D3 c6 mot s6 nghién clru vé
céu tric cua cluster Ge tinh khiét va cluster Ge
pha tap nguyén t6 khac nhu Al, Cu, Mn, Ni,...
[3, 5, 6]. Nam 2015, X. Deng va cong su bang
cach dung thuc nghiém phd quang electron va
phép tinh 1y thuyét voi phiém ham B3PW91

* Téc gia lién hé.
Dia chi email: nguyenhuutho04@gmail.com

https://doi.org/10.25073/2588-1140/vnunst.5253

cung bd ham co s¢ 6-311+G(d) da xac dinh
duoc tinh chit electron va ciu tric bén cia cac
cluster germanium pha tap vanadium VGen™
(n = 3-12) [4]. Cach xdy dyng hinh thanh ciu

tric 3D bén cia cluster GegV "™ (n = 1-9)
cling dugc nhom tac gia Shi nghién ctru bang
cach str dung phiém ham B3LYP vé6i bo ham co
so 16i LanL2DZ cho tit ca cic nguyén tr vao
nam 2016 [7]. Vi by ham co so 16i nay chua
quan tdm nhiéu dén cac electron nim siu bén
trong gan hat nhan hon nén cac gia tri vé ning
luong tim duoc s& co do chinh xac chua tét.
Nam 2017, C. Siouani va cOng su ciing da nghién
clru cAu triic, do bén va tinh chit electron cua
cluster dang trung hoa VGe, (n = 1 - 19) bing
cach dung phiém ham PBE, bd ham double &
(DZ) cho Ge va double & véi ham phan cuc
(DZP) cho V [8]. Co su sai khac vé céu truc
hinh hoc clia cac ddng phan bén cua céc cluster
gilta cac nhém tac gia nay. Trong khi Shi va
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cong su chi ra réng khi thay ddi dién tich, cau
trac hinh hoc bén nhit cua cac cluster it thay
di thi X. Deng lai cho ring VGes va VGe; déu
co trang thai electron *A ¢ trang thai co ban sé
thay d6i hinh hoc rat nhiéu khi thay doi dién
tich tr dang trung hoa sang anion véi trang thai
electron co ban 1a 3A. Cy thé nhu X. Deng va
cong su két luan rrfmg, VGes bén & dang ludng
thap ngii giac v6i nguyén tir V nam & dinh chop
hinh thap thi anion VGes lai c¢6 nguyén tt V
nam ¢ dinh hinh ngii giac. Ngoai ra, cac nhom
tac gia Shi va C. Siouani déu cho rang ciu tric
bén ciia VGes ¢6 dang hinh tir dién, theo d6 Shi
va cong su dd két luan VGes™ co trang thai
electron co ban lan luot 1a 'A; va *A; nhung
X. Deng lai chi ra ciu tric hinh thoi 12 dang bén
nhit cho VGes™ véi trang thai electron co ban
tuong tng 1a °A va *Ay.

Van dé tim cdu tric cic cluster c6 do bén
cao dang dat ra thach thc cho ca nhimg nha
nghién clru thyc nghiém va ly thuyet Viéc
nghién ctru c¢6 hé théng cdu tric, do bén cua
cluster ¢ cac trang thai dién tich khac nhau giap
chung ta hiéu duoc anh hudng cia dién tich dén
cau trac va tinh chat cua chung. Véi mong
mudn 1am rd rang hon cac van dé con tranh
luan & trén, trong bai bao nay ching toi trinh
bay két qua nghién ctru so sanh cau trac, do bén
cua cac cluster germanium pha tap vanadium
dang trung hoa va dang cation Ge,V %" (n = 2 - 8)
bang phuong phap phiém ham mat do.

2. Phuong phap tinh

Phuong phép phiém ham mat d6 (DFT)
duoc nhiéu nha khoa hoc st dung nham du
doén cau trac, do bén va tinh chét electron cua
cac cluster kim loai [3, 5, 6, 9]. Trong nhiéu
phiém ham trao ddi - trong quan duoc st dung
d6i voi phuong phap DFT thi phiém ham PBE
(Perdew—Burke—Ernzerhof) [10] t6 ra dat duoc
két qua tdt, co do tin cdy cao, phi hop véi cac
gia tri thyc nghiém cho cac hé¢ cluster cua
germanium [11-15]. Vi vay, tit ca cac tinh toan
thuc hién ti wu hinh hoc, tan s6 dao dong va
ning lugng ciia cic cAu tric trong nghién ctru nay

str dung phiém ham PBE két hop voi bo ham co
s& hoa tri tach ba ciia Pople c6 bd sung cac ham
phan cuc va khuyéch tan, 6-311+G(d) [16],
théng qua phan mém Gaussian 09 [17]. Cau tric
cua cluster don gian nhét Ge,VY* duoc xac dinh
trude tién. Sau do, cic cAu tric cta GenVO*
duoc xdy dung tha cong bang cach thém mot
nguyén tir Ge vao céc cluster GenV¥* & cic vi tri
khac nhau. Trong qua trinh nady vi tri cua nguyén
tor V cling co thé dugc dich chuyén dé tao ra dugc
nhitng dang hinh hoc khac nhau c6 thé ¢ cua
cluster. Cac dong phan bén tim thdy cua cluster
GenV¥* duge ki hiu 1a nk - X, trong d6 n 1a sb
nguyén tir Ge, n = 2 - 8; k = n néu cluster &
dang trung hoa, k=c¢ néu cluster & dang cation,
x 14 s ty nhién bat dau tir 1 dén 3 duoc sap xép
theo chiéu ting dan cua ning luong twong dbi
(AE). Ning luong tuong di (AE) cia mdi dong
phan duoc tinh tir hidu sb ning luong tong (da
dugc hiéu chinh ning luong diém khong ZPE)
cia n6 véi dong phan c6 ning luong tong
thip nhat.

3. Két qua va thao luin
3.1. Céu triic hinh hoc ciia cluster GeV*'* (n = 2-8)

Pé danh gia do phu hop ciia mirc tinh 1y
thuyét PBE/6-311+G(d) d6i voi hé nghién ciu,
chung t6i da sir dung muc tinh 1y thuyét nay dé
tinh gia tri nang luong tach electron adiabatic
ADE (adiabatic detachment energy) cua anion
GesV™ va so sanh voi gia tri to thuc nghiém
cling nhu tir mot s6 phiém ham khéc. Vé mat
thuc nghiém, gia tri ADE cua GesV" duoc xac
dinh tr diém bit diu cua diy phd quang
electron cua cluster, trong khi vé mat 1y thuyét
n6 dugc tinh tir hiéu sé cua ning lugng tong
(d3 bao gdm hiéu chinh ZPE) cua cluster dang
trung hoa va anion. Két qua dugc thé hién &
Bang 1. Cu thé, tir Bang 1 c6 thé thdy cac do
chénh léch gia tri ADE cua GesV™ tir phiém ham
PBE so v6i thuc nghi€ém la nho nhat, chi 1a
0,10 eV. Trong khi d6 chénh léch tinh tir phiém
ham BP86, B3LYP, B3PW91 va M062X déu
16n hon, 1an luot 13 0,24; 0,12; 0,20 va 0,35 eV.
Két qua nay gop phan khang dinh viéc sir dung
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murc tinh 1y thuyét véi phiém ham PBE va bo
co s 6-311+G(d) cho cac cluster lién quan dén
déng thoi hai nguyén t6 germanium va
vanadium la phu hop.

Hinh 4nh cic cdu tric bén cia cac cluster
GeVY"* (n = 2 - 8) dugc trinh bay ¢ (Hinh 1).
Véi mdi kich thude cta gia tri n, c6 3 dong

phan bén nhit dugc trinh bay cho mdi dang
trung hoa va cation va sip xép theo chiéu ting
dan ctia ning luong twong doi.

Céc thong tin ctia dong phan duogc chi ra
gom: nhom diém dbi xtmg, trang thai electron
va niang luong twong ddi AE (eV).

Bang 1. Gia tri ADE (eV) ctia VGes theo mdt s6 phiém ham khac nhau
v6i bd ham co s¢ 6-311+G(d) va thye nghiém

PBE | BP86

B3LYP | B3PWO1 [4]

MO062X | Thuc nghiém [4]

1,83 1,97 1,85 1,93

2,08 1,73

n = 2: cAC Cau trac bén ciia Ge,V déu c6
dang tam giac can, nhém diém ddi ximg Cov.
Pong phan bén nhét 2n-1 & trang thai quartet
“B;. Pong phéan tiép theo 2n-2 ¢ trang thai
doublet ¢6 nang lugng cao hon 0,676 eV. Khi
dang trung hoa mat mot electron tao GeoV*, hai
ddng phan bén dau tién cua Ge,V* 1a 2¢-1 va
2¢-2 cling giltt nguyén dang tam giac can dinh
V, 1an luot & cac trang thai 3B va °Ay, trong do,
trang thai 5A; ctia 2¢-2 ¢6 ning luong cao hon
0,309 eV. Pong phan cation 2¢-3 ¢6 niang lugng
cao nhit mang hinh hoc khéac biét 1a dang thing
¢ trang thai A", voi ning luong cao hon la
0,810 eV.

n = 3: nhém tac gia X. Deng sir dung phiém
ham B3PW91 tim thdy ¢ trang thai quartet,
ning luong twong ddi ctia ddng phéan hinh thoi

3n-3 trang thai “B, thdp hon cua dang tir dién
3n-2 trang thai *A; mot gia tri rat nho 1a 0,001
eV [4], va dong phan 3n-2 c¢6 ning luong cao
hon khi & trang thai doublet. Str dung cac phiém
ham B3LYP chiing t6i nhan duoc két qua tuong
tu, dang tir di€n 3n-2 va dang hinh thoi 3n-3
thap hon 3n-1 lan luot 14 0,071V va 0,160 eV
(Bang 2).

Nhung véi cac phiém ham PBE va BP86
[19] ching t6i nhan dugc két qua nguoc lai, &
dang tir dién, trang doublet 3n-1 c6 nang luong
thip hon trang thai quartet 3n-2 va ciing thap
hon dang hinh thoi trang thai quartet 3n-3.
Bang 2 cho thiy két qua tinh véi cac phiém
ham PBE va BP86 cho ciu tric véi do boi
quartet, dang tir dién thip hon dang hinh thoi
tuong tng 1a 0,341 va 0,368 eV.

Bang 2. Nang lugng tuong ddi cua cac dong phan VGestheo cac phiém ham, phuong phap khac nhau

Dong phan | PBE BP86 B3LYP B3PW91 | M062X | CASPT2 [18]
3n-1 0,0 0,0 0,0 0,0 0,0 0,0

3n-2 0,256 0,298 -0,071 -0,129 -0,219 0,31

3n-3 0,341 0,368 -0,160 -0,130 -0,434 0,62

Didu ndy dwgc giai thich 1a do phan
dong gop cua ning lugng trao ddi chinh xéac
Hartree-Fock vao nang lugng chung cta h¢ khi
tinh theo cac phiém ham B3LYP, B3PWO1 la
quéa 16n, khoang 20% [19]. Phan ning luong
trao d6i chinh xic Hartree-Fock nay dén tur
tuong tac trao ddi giita cac electron co spin
song song theo nguyén ly Pauli. Két qua la cac

trang thai spin cao v&i nhiéu electron c6 spin
gidng nhau s& c6 muc ning luong giam manh.
Nhan dinh ciu trac bén nhat dang hinh thoi nay
cling dugc xac dinh v6i ca phiém ham PBEO
khi n6 ciing chira phin ning luong trao ddi
chinh xac Hartree-Fock 1én dén 25% [18]. Pdng
phan hinh thoi 3n-3 c6 ning lugng ha thap nhat
khi so véi 3n-1 14 -0,434 eV khi tinh theo
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phiém ham MO062X boi phan déng gop cua
ning luong trao d6i chinh xac Hartree-Fock vao
ning lwong chung ¢ phiém ham nay 1én dén
54% [20]. Thyc hién phép tinh da cdu hinh
CASPT2 cho cac dong phan nay, nhiéu nhém
tac gia di chi ra dang hinh thoi 3n-3 van cao
hon dang tr dién 3n-1 khoang 0,55 eV [21] dén
0,62eV [18]. Vi vay, co thé két luan dang tir
dién voi trang thai electron 2A" 1a bén nhat dbi
v6i cluster GesV. Pdng phan bén nhit cua
GesV™ 1a 3c-1 ciing ¢ dang tir dién nhu dang
trung hoa véi trang thai 3A; triplet thap hon
0,248 eV so voi dong phan ké tiép trang thai
triplet 3c-2 c6 dang hinh thoi voi nguyén tir V
nam & dinh goc nhon. Pong phan 3c-3 kém bén
hon nira cling c6 dang hinh thoi nhung nguyén tir
V nam & dinh goc i va & trang thai quintet °By.

n = 4: ddng phan bén nhit 4n-1 cua GesV
c6 dang ludng thap tam giac, voi mat day chaa
mot dinh 13 nguyén tir V, thuoc nhém diém dbi
xting Cs, trang thai c6 mot electron ddc than
2A", ¢6 thé xem n6 duoc tao thanh biang cach
thém mot nguyén tir Ge vao mat bén cua thap
tam giac dinh V ciia 3n-1. Két qua nay twong
ddng v6i két qua khi nghién ciru bang phuong
phép da cAu hinh CASPT2 [18] nhung khéc véi
két qua khi nghién cGu bang phiém ham
B3PW91 [4]. Diéu nay ciing dugc giai thich
hoan toan twong ty nhu truong hop khi n = 3.
Cac ddng phan 4n-2, 4n-3 cing thudc nhém
diém ddi ximg Cs nhung trong khi 4n-2 c6 trang
thai electron 2A' va niang luong dbi 12 0,167 eV
thi 4n-3 lai & trang thai *A" c6 ning lugng
tuong d6i 14 0,261 eV. Ddng phan cation bén
nhit 4c-1 c6 cdu trac twong tu dang trung hoa
4n-1 va & trang thai 3A". Cac dong phan tiép
theo 4n-2 va 4n-3 c6 nang lugng tuong ddi lan
luot 1a 0,130 va 0,227 eV. Trong khi 4c-2 c0
hinh hoc kha tuong tu 4c-1, chi khac vé trang
thai electron, thi 4c-3 c6 ciu trac khac hoan
toan v6i dang thuyén phing, mii thuyén la
nguyén tir V, ¢ trang thai electron %A,

n = 5: dong phan 5n-1, 5n-2 1a cac trang
thai spin khac nhau cua cluster GesV ¢ dang bat
dién c6 nguyén tir V nam trén mot dinh thép.
Poéng phan 5n-1 duoc tao ra bang cach thém

mot nguyén t Ge vao phia dé hop véi 2
nguyén tor ¢ 2 dinh hinh ludng thap tam gidc
ctia 4n-1 va mdt nguyén to Ge ¢ day thap tam
giac dé tao ra ddy vudng cia bat dién. Trong
khi 5n-1 thudc nhom diém ddi ximg Cay O trang
thai 2B, thi 5n-2 c6 ddi xung thap hon 1a Ca
v6i trang thai *Bz va ning luong tuong ddi cao
hon 0,229 eV. Pong phan 5n-3 c¢6 dang hai
thap tam gidc chung mdt canh ddy véi 2 dinh
thap 1a nguyén t&r khac nhau Ge va V. Nang
lwong tuong d6i cua 5n-3 1 0,476 eV véi trang
thai electron 2A". Ba ddng phan cation bén nhat
¢6 dang hinh hoc twong dong véi 3 dong phan
dang trung hoa bén nhit. 5¢c-1 va 5¢-2 ciing &
dang bat dién con 5c-3 cling ¢ dang hai thap
tam giac chung mot canh day. Pong phan 5¢-1
c6 d6i xtg Cs va trang thai electron 3A". Pong
phén 5c¢-2 chi cao hon so véi 5¢-1 1a 0,073 eV
nén ching co thé cung ton tai.

n = 6: ddng phan bén nhat 6n-1 cua cluster
GesV hinh thanh bang cach thém thém mot
nguyén tir Ge 6 mat day cuia dang bat dién 5n-1
dé tao ra hinh ludng thap ngii gidc c6 mot dinh
thap 1a V. Ciu triic ndy ¢ trang thai electron 2A"
thugc nhém d6i ximg Cs. Pong phan 6n-2 cao
hon 0,279 eV, lai duoc tao ra béng cach thém
mot dinh Ge ¢ mat bén cua thap vudng dinh Ge
ctia 5n-1. Pdng phan 6n-3 ciing c6 dang tuong
tu 6n-1 chi khac vé trang thai electron 1a *A' va
ning lugng twong dbi cao hon 0,369 eV. Dang
bén nhat cta cation 1a 6¢-1 c6 kiéu hinh hoc
ludng thap ngl giac c6 mot dinh & mat day
chura nguyén t& V. Hinh hoc cia 6¢-2 tuong tu
v6i 6n-2. Mirc ning lugng cua 6¢-2 gan nhu
suy bién v6i 6¢-1, chi sai khac mot gia tri rat
nho 1a 0,003 eV, nén chung c6 kha ndng cung
ton tai nhu 1a cic dong phan bén nhit. Pong
phan 6¢-3 c6 ning lugng twong dbi cao hon kha
nhiéu 14 0,378 eV. Mic du hinh hoc ctia 6¢-3 c6
vé tuong tu nhu 6¢-1 nhung nd lai c6 nhom
diém d6i xung thip nhat 1a C; voi trang thai
electron quintet °A, day 1a mot cdu trac hiém
hoi trong cac ddng phan cluster bén nhit cua
GeVY* (n = 2 - 8) c6 tinh ddi ximg thap nhat C;
dugc tim thdy trong nghién ctru nay.
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Hinh 1. C4u tric bén cua cac cluster GenVY* (n =2 - 8).

n =7: c6 thé xem 7n-1 dugc tao ra tir 6n-1
bang cach thém mot nguyén tir Ge phi vao mot
mat bén chira dinh thap V cua hinh ludng thap
ngil gidc do cdu trac cua 6n-1 tao ra. Cac cdu
triic con lai ctia Ge;VY* cling ¢6 dang hinh hoc
gan twong tu. Cau truc 7¢-3 twong tu 7n-1, ¢6
dinh nguyén tir Ge bd sung ndm cung phia véi
dinh chop nguyén tir V trong khi cac cdu trac

con lai s& nguoc phia. Trir cdu trac 7¢c-2 c6
nhom diém dbi xtmg C; con tat cac cac cau tric
con lai thudc vé nhom diém Cs. Ca hai déng
phan dang trung hoa 7n-1 va 7n-2 déu & trang
thai chtra mot electron ddc than A’ con 7n-3 &
trang thai quartet *A". Cac dong phan 7n-2 va
7n-3 ¢ nang luong kha gan nhau, chi chénh
léch khoang 0,043 eV, nang lugng tuong dbi



58 N.H. Tho, P. H. Cam / VNU Journal of Science: Natural Sciences and Technology, Vol. 38, No. 1 (2022) 52-62

ctia chung lan luot 13 0,227 va 0,270 eV. Hinh
hoc cta 7c-1 va 7c-2 la tuong ty nhau chi khac
vé trang thai electron. Pong phan bén nhét cua
dang cation 7c-1 & trang théi triplet A" con
7c-2 ¢ trang thai singlet 'A. Cac dong phan
7¢-2 va 7¢-3 c¢6 nang luong cao hon so voi 7¢c-1
khong nhiéu lan luot 14 0,034 va 0,076 eV, nén
ci ba dong phan nay déu c6 thé ton tai nhu la
céc dong phan bén nhat.

n = 8: dong phan bén 8n-1 dugc tim thiy co
tinh d6i xtng kha cao voi nhom diém Cay &
trang thai c6 mot electron doc than 2B;. Co thé
xem nhu 8n-1 dugec tao ra tir 7n-1. Sau khi 7n-1
dugc tao ra tir 6n-1 bang cach thém mot nguyén
t¢ Ge phu vao mdt mat bén chua dinh thap V
ctia hinh ludng thap ngil gidc do cdu truc cua
6n-1 tao ra thi thém tiép mot nguyén tir Ge nira
phii vao mit ké bén s& duge 8n-1. Véin = 8
van chua c6 ciu tric 1dng tir cac nguyén tir
dugc tao ra dé bao phu hoan toan mdt nguyén
tr khac. Cau triic 8n-2 & trang thai 2A' ¢6 ning
luong twong dbi kha 16n so voi 8n-1 1a 0,511
eV. Pong phan 8n-3 c6 dang hinh hoc twong tyr
8n-1 chi khac vé trang thai spin la quartet va c6
ning luong twong ddi 12 0,579 eV. Mic dil kém
hon mot electron so véi 8n-1 nhung 8c-1 van
¢6 sy twong ddng vé hinh hoc véi 8n-1 va ciing
cling nhom diém dbi xtmg Ca. Péang chi y 1a
ddng phan 8c-1 1a ddng phan cation bén nhat
cua GesV*, ¢ trang thai singlet, khéng chira
electron doc than nhu cic dong phan nc-1
(n = 2-7) khéc. Ddng phan 8c-2 hinh hoc gin
tuong tu 8c-1 nhung c6 nhom diém ddi xtng
thip hon 1a C,, trang thai electron °B va ning
lugng twong doi 1a 0,112 eV. Pong phan 8¢-3 &
trang thai singlet tuong tu 8c-1 nhung lai co
dang hinh hoc twong tu 8n-2, nang lugng tuong
dbi cua dong phan nay 13 0,323 eV.

Nhu vay, trong nghién ctru nay, khi n = 3-8
cac cluster trung hoa déu o trang thai doublet,
c6 mot electron doc than, khac biét véi Kkét qua
nghién ctru trudc cua cac nhom tac gia X.Deng
[4] va shi [7]. Piéu nay dugc giai thich tuong
tu nhu truong hop n = 3, cac nghién cuu trudc
sir dung cac phiém ham B3PW91 va B3LYP da
1am cho phan dong gop cua ning lugng trao doi

chinh xéc Hartree-Fock vao ning lugng tong
qua 16n dan dén cac ciu trac bén nhat dugc tim
thiy & trang thai spin cao hon 14 quartet. Day
cling 13 nguyén nhan dan dén khi n bang 6 hoic
7, cac cAu triic ¢6 hinh hoc twong tu véi 6¢-1 va
7n-2 trong nghién ctru cua X.Deng dugc cho 1a
dang trung hoa bén nhét twong tGng. Két qua
nay dan dén sy sai léch rat 16n vé gia tri ADE
tinh theo 1y thuyét khi so sanh vé6i thuc nghiém
nhu dd phan tich & trén. Két qua phan tich vé
cAu trc hinh hoc & trén ciing cho thiy hinh hoc
cua cluster trung hoa va cation chi khac biét
nhit & trudng hop n bang 6 hoic 7.

3.2. So sdnh dé bén ciia cdc cluster Ge, V' (n =2-8)

Pé khao sat d6 bén twong ddi vé nhiét dong
hoc cho ca cluster trung hoa va cation theo kich
thudce, nghién ctu nay da phén tich, tinh toan
cac thong sd niang lugng lién két trung binh
(Ep), bién thién ning luong bac hai (4°E), ning
lugng phén manh (Es), khoang cach nang luong
HOMO-LUMO (ELumo-Homo), thé ion hoa
adiabatic (AIP) theo cac cong thirc sau:

nEGe + E\,o/+ - EGenVO’*

E o+ — 1
Pee,V n+1 o
2 f— —
A E - EGele 0/+ + EGen,lV 0/+ 2EGenV0/+ (2)
EfGenV o = EGe,Hv o +Ege — EGenV o (3)

ELUMO —HOMO — ELUMO - EHOMO 4)

AIP = EGenV* —Egev )
Trongdo, Eg. B, E,. . E_ . Ecev
E E

téng clia cic nguyén tir va ion Ge, V, V* & trang
thai co ban va cua cac cluster Ge,V%*,
Gen.1VY*, GentVY* bén nhét. Két qua tinh toan
duogc thong ké & Bang 3.

Ning luong lién két trung binh Ep ty 18 v6i
d6 bén nhiét dong cua cluster. Sy phu thudc cua
niang luogng lién két trung binh vao kich thudc
cia cac cluster bén nhat duwoc thé hién trén
Hinh 2. Dua vao d6 thi c6 thé thiy cac dong
phan bén nhét ciia GenV?* ¢ E, hau nhu tang ti
16 thudn véi kich thude. Pong thoi gia tri Ep cua

lan luot 1a ning lugng

o/+ 1 0/+
Ge, vV Ge, |V
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cac cluster cation cao hon cac cluster trung hoa.
Chiing t6 cac cluster cation c6 d§ bén cao hon
cac cluster trung hoa khi cung kich thudc trong

nghién ctru nay. Tir d6 thay dugc, viéc méat mot
electron c6 thé lam tang d¢ bén cua cluster Ge

phatap V.

Bang 3. Gi4 tri ning luong Ey, A°E, E_umo-Homo, Ef va AIP ciia cluster Ge,V¥* (n =2 - 8)

Eb AE ELumo-Homo Es
n AlIP
GenV | GenV* | GenV | GenV* | GenV | GenV* | GenV | GenV*
2122772489 | 1,178 | 0,223 | 0,903 | 0,619 | 4,654 | 4,181 | 7,069
31|2577 285 |-0053]|0581 |0,313]| 1,209 | 3,475 | 3,957 | 6,587
4| 2,767 | 2,960 | -0,613 | -0,647 | 0,607 | 0,431 | 3,528 | 3,377 | 6,739
51299 | 3,138 | 0,495 | 0,158 | 0,845 | 0,361 | 4,142 | 4,024 | 6,857
6| 3,089 3242 | 0,054 | 0,239 |0,809| 0,675 | 3,647 | 3,866 | 6,637
713,152 | 3,290 | -0,337 | -0,019 | 0,347 | 0,788 | 3,593 | 3,627 | 6,602
83,238 | 3,330 | 0,180 | -0,140 | 0,398 | 0,655 | 3,929 | 3,646 | 6,885
a4 phdn manh cua cic qua trinh Ge, VY —
3 PR Gen V" + Ge.
E 321 . — < 149
2 30 P © 124 . . GepV
< 284 / o +G9"V+ oy B \
@ s § 06 e .
- 261 7 = 941
g. - / )(E 024 ¢ \“ \ ;"‘ .7_,,,\:\—0 “ ”-
5 . £ -024
T T S S S 04 |
S6 nguyén tr « :8:' L

Hinh 2. Sy phu thudc cua ning lwong lién két
trung binh vao kich thuéce.

Do bén twong ddi cua cac cluster ciing duoc
danh gia thong qua ning luong bac 2 (A4%E).
Hinh 3 biéu dién d6 thi sy phu thudc cia bién
thién nang lugng bac 2 vao kich thude cluster.
Gia tri A°E ctia dang trung hoa dat cuc dai tai n
bang 2, 5, 8. Gia tri A°E ciia dang cation cuc dai
tai 3 va 6, giam dan theo trat tw cua n 1a 3 > 6>
2 > 5. Pay déu la nhitng cdu truc dat tinh dbi
xtng cao nhat trong nhom cic dong phan bén
dugc tim thdy cua chung.

Néng lugng phan manh (Ey) ciing 1a mdt dai
luong duoc dung dé danh gia do bén cua
cluster. Gia tri cta Ef ty 1¢ thuan véi do bén ciia
cluster. O day chiang t6i danh gia nang luong

2 3 4 5 6 7 8

S6 nguyén ti
Hinh 3. Sy phu thudc cua bién thién ndng lugng bac
hai vao kich thuédc.

D6 thi biéu dién trén Hinh 4 chi ra ring cac
cluster Ge,VY* kh6 bi phan méanh hon khi ¢ n
bé“mg 2, 5 so véi cac kich thudce con lai vi & cac
kich thudc nay gia tri Er déu 16n hon. Cac cau
tric GegV ¢o6 nang lugng phan manh la 3,929 eV
cling kha cao nén ddng phan nay ciing duoc du
doén 14 bén hon. Cac cluster cation c6 gié tri E
l6n, giam dan theo trat tw 2 > 5> 3 > 6. Céc cau
tric GesVY* va GesV déu co Er nho nén dé bi
phan manh nhét.

Céc orbital bién gom orbital bi chiém cao
nhit (Highest occupied molecular orbital,
HOMO) va orbital khong bi chiém thip nhét
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(Lowest unoccupied molecular orbital, LUMO)
giit vai tro quyét dinh khi cac phén tir tham gia
phan ung hoéa hoc. Do vay sy khac nhau vé
nang luong gitta ching, ELumo-Homo, 1a mot chi
s dé danh gia kha nang phan ung. Hinh 5 chi
ra sy phu thudc cua khoang cach nang lugng
ELumo-Homo vao kich thudc cua céc cluster
Ge V. Bang 3 cho thiy tit ca cac cluster
GenVY* nay déu c¢6 ELumo-Homo khong 16n, gia
tri ELumo-Homo 16n nhit trong cac cluster nay
thudc vé GesV* chi 1a 1,209 eV. Gia tri Erumo-
Homo cuc dai tai n bﬁng 2 va 5 ddi véi dang
trung hoa va n bang 3 va 7 ddi véi dang cation
nén xét vé kha niang phan tmg, Ge2V va GesV
bén hon céc cluster trung hoa con lai va GesV*
va Ge;V* bén hon cac cluster cation con lai.

4.8

46
——Ge V

441 . GeV
424 , |
4.0

(eV)

36 g
34 Ty
32

Nang Iugng phan manh

S6 nguyén td

Hinh 4. Sy phu thudc ctua nang lugng phan manh
vao kich thudc.

< 1.2 h = GepV

[}

"gm o GepV*

Qo

S

3 \ .

w084 P B
064 * . ’
0.4- \ /e _

- . -—

02 T T T T T T T

S@& nguyén tir

Hinh 5. Sy phu thugc cta khoang cach nang lugng
HOMO-LUMO vao kich thuée.

Thé ion hoa adiabatic (AIP) 1a sy khac
nhau vé niang luong gitta hai cluster bén nhat
cua dang trung hoa va cation cung kich thudec.
D6 thi trén Hinh 6 cho thiy ciing tai cac kich
thude n bang 2, 5 va 8 cua cluster Ge,V gia tri
AIP s& cuc dai nén day la cac cluster kho bi ion
hda nht.

7.1
7.0 N —— Gen\/

o
<]
1

L]

6.8
6.7

6.5
6.4
6.3 T T T T T T T T T T T
2 3 4 5 6 7 8
S8 nguyén tu

Thé ion hda adiabatic (eV)

Hinh 6. Sy phu thudc cua thé ion héa adiabatic AIP
vao kich thudc.

4. Két luan

CAu tric, do bén cua céc cluster germanium
pha tap vanadium dang trung hoa va dang
cation Ge,VY* (n = 2 - 8) di duogc nghién ciru
mot cach day du bang phuong phap phiém ham
mat d6 voi phiém ham PBE va bd ham co so
6-311+G(d). Céc cluster Ge,V co spin ¢ trang
thai doublet ngoai trir kich thudc nho nhét trong
nghién ctou nay la Ge;V & trang thai quartet.
Céc cluster dang trung hoa c6 xu hudng gitr lai
kiéu hinh hoc ban dau khi bi méit di mot
electron, ngoai trir & truong hop kich thudc
n = 6 hoic 7. Céc cluster cation Ge,V* ton tai
cha yéu trang thai triplet ngoai trir cdu trac co
kich thuéc 16n nhat GegV* ton tai & trang thai
khong co electron doc than singlet. Gid tri nang
lugng lién két trung binh cho thdy céac cluster
GenV* bén hon Ge,V khi cung kich thuée. Cac
thong s ning luong lién két trung binh, bién
thién nang luwong bac hai, ning luong
phdn manh, khoang cach ning lugng
HOMO-LUMO, thé ion héa adiabatic déu chi
ra Ge,V bén hon tai n bang 2, 5 va 8 con cac
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cation ngv*, GesV*, GesV*, GegV* duoc du
doan 1a bén hon so v6i GesV*, GerV*, GegV™*
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