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Tém tit:

Cac trang thai electron co' bin va kich thich ctia cic cluster VGe 7 (n = 1-2) dugc nghién ciru bang phuong phap tinh da
céu hinh CASSCF/CASPT2. Céu hinh ciia cac trang thai electron ciia cic cluster VGe ™ (n = 1-2) dugc xic dinh dya
vao ham song tinh du’o’c theo phuong phap CASSCEF. Nang lugng ciia cac trang thai electron dugc tinh bang phuwong phap
CASPT?2. Cic thong so ciu tric hinh hoc va ning lwong twong doi ciia cic trang thii electron co ban va kich thich
dwgce xac dinh. Ning lugng tach electron ADE (adiabatic detahment energy) va VDE (vertical detachment energy)
ciia cic qua trinh tiach electron ra khéi cluster anion dwge bao céo.

Tir khéa: Ciu triic electron, cluster VGe, " (n = 1-2), ning lugng tich electron, phuwong phap CASSCF/CASPT2.

Chi s6 phén loai: 1.4

Céc cluster germani pha tap kim loai chuyén tiép thu
hat sy chi y ctia cdc nha khoa hoc vi tiém ning Gmg dung
trong y sinh hoc, cong nghiép ban dan va tong hop cac vat
liéu méi [1, 2]. Trong cac tai lidu khoa hoc, ciu trac hinh
hoc va céu tric electron cua cic cluster germani pha tap
cac kim loai chuyén tiép da dugc bao céo [3-5]. Tuy nhién,
cAu trac va tinh chat cta céc cluster germani pha tap kim
loai chuyén tiép van chua duoc hiéu mot cach day di. Do
do, viéc nghién ctru cAu trac hinh hoc va ciu tric electron
clia céc cluster germani pha tap kim loai chuyén tiép da trg
thanh nhiém vu cép thiét dé hiéu duoc cac tinh chat cua
chung. Gan day, cau tric cta cac cluster VGe 7 (n=3-12)
da dugc tham do bang phd quang electron [5]. Pé hiéu duoc
cac thong tin thim do dwoc tir phd quang electron, nhom
nghién ctru ciing da thyc hién cac phép tinh hoa hoc lugng
tir. Cu thé, 1y thuyét phiém ham mat d6 voi phiém ham lai
ghép B3PW91 da dugc sir dung dé nghién ctru ciu trac hinh
hoc va cdu tric electron ciia cac cluster VGe 7 (n = 3-12).
Ly thuyét phiém ham mat do chi tinh duoc cac trang thai co
ban hay céc trang thai co nang lugng thap nhit ing véi mdi
biéu dién bét kha quy ctia nhom diém d6i xing ma khong
tinh duoc cac trang thai electron kich thich. Nhiing két qua
tinh duoc sir dung dé giai thich day phd dau tién trong phd
quang electron cua cluster anion [5].

CAu truc, do bén, va tir tinh cua cac cluster VGe, (n =

1-19) ciing da dugc nghién ciru [6]. Doi véi cluster VGe
két qua tinh dugc cho thay trang thai co ban la sextet vdi
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do dai lién két 2,526 A. Gia tri ai luc electron tinh duoc
bang phiém ham PBE cua cluster VGe c¢6 gia tri 14 0,61 eV.
DPbi ‘V(')'i cluster‘VGez, ddng phan hinh vong dugc bao cao
la dong phan bén nhat trong khi trang théi electron co ban
chua duge bao cdo. Ai luc electron cua cluster trung hoa
dién VGe, co gia tri la 0,85 eV, trong khi do dai lién Kkét
V-Ge va Ge-Ge c6 gia tri 1a 2,536 va 2,405 A [6]. Gan day,
chu tric electron cua cac cluster VGe, " da dugc nghién
ciu bang cac phuong phap DFT, RCCSD(T), CASSCF/
CASPT2) [7].

Qua tham khao céc tai liéu khoa hoc, ching t6i thay
rang trang thai electron cua cac cluster VGe™ va VGe, "
van chua duoc nghién ctru ddy di. Vi mong mudn cung
cAp mot hiéu biét day du vé cdu truc cia cac cluster VGe
(n = 1-2), chung t6i tién hanh nghién ciru cac cluster nay
bang cach phdi hop 1y thuyét phiém ham mat d va phuong
phap CASSCF/CASPT2. Phuong phap CASSCF/CASPT2
dd duoc biét dén nhu 1a phuong phap tinh c¢6 do chinh xac
cao va dic biét phu hop dé nghién ciru cac cluster chira kim
loai chuyén tiép [7-10]. Phuong phép niy c6 thé tinh dugc
trang thai co ban va trang thai kich thich cta céac cluster
chtra kim loai chuyén tiép voi do tin cay cao.

Cac phuong phap tinh

Céc ddng phan quan trong cua cac cluster VGe * (n =
1-2) dugc trinh bay trong hinh 1. Phuong phap CASSCF/
CASPT2 dugc ding dé nghién ctru cac trang thai electron
cua cac cluster VGe " (n = 1-2). Trong cac phép tinh
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Abstract:
The ground and excited states of VGe ™ (n
= 1-2) clusters have been investigated using

multiconfigurational CASSCF/CASPT2 methods. The
electronic configurations of the relevant states have been
determined on the basis of the CASSCF wave functions.
The energy of the electronic states has been computed
at the CASPT2 level. The geometrical parameters
and relative energies of the ground and the excited
states have been reported. The adiabatic and vertical
detachment energies (ADEs and VDEs) of the electron
detachment processes from the anionic clusters have
also been calculated.
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detachment energy, electronic structure, VGe " (n =
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electron

CASSCF/CASPT2, dbi véi cac cluster VGe™, cac duong
cong thé ning cua cic trang thai electron dugc xiy dung
bang cach thay dbi do dai lién két V-Ge. Ddi vdi cac cluster
VGe,™, phuong phip CASSCF/CASPT2 dugc st dung cho
phép tinh t61 vu hoda hinh hoc. Trong phép tinh CASSCF/
CASPT2, b ham co s¢ aug-cc-pVTZ-DK dugc st dung
cho ca V va Ge [11, 12]. Cac hiéu tmg twong d6i dugc hidu
chinh théng qua toan tr Hamilton Douglas-Kroll bac hai
[13-15]. Trong cac phép tinh CASPT2, electron trén céac
obitan 3s, 3p ctia V va 3d ctia Ge dugc phép kich thich. Tat
ca cac phép tinh CASSCF/CASPT2 dugc thuc hién béng
phan mém MOLCAS@UU 8.0 [16].
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VGe™ VG
Hinh 1. Céu tric hinh hoc cac dong phan ciia cac cluster VGe,
(n=1-2).

Trong cac phép tinh CASSCF, khong gian hoat dong
duoc Iva chon bao gé”)m cac obitan phan tir co phﬁn dong
g6p chi yéu cuia cac obitan 3d, 4s ctia V va 4s va 4p Ge. Dbi
vé6i cac cluster VGe™, khong gian hoat dong bao gom cac
obitan 3d, 4s ciia V va 4s, 4p cua Ge, va 5 obitan do0. Két qua
hinh thanh nén khong gian hoat dong c6 10 hodc 9 electron
phan b trong 15 obitan. Khong gian hoat dong nay duoc ky
hiéu 13 (10,9/15). i véi cac cluster VGe, ", hai khong giap
hoat dong dugc lua chon. Khong gian hoat dong thur nhat
dugc ky hi¢u 1a (10,9/12) bao gém obitan 3d, 4s cua V va
4p cua Ge. Khong gian hoat dong nay duoc st dung cho
phép tinh t6i uwu héa hinh hoc. Khong gian hoat dong thir hai
duogc tao thanh béng cach thém nam obitan 4o vao khong
gian hoat dong thir nhat. Két qua hinh thanh nén khong gian
hoat dong dugc ky hi¢u 1a (10,9/17). Khong gian hoat dong
nay duoc dung trong cac phép tinh ning lugng diém don
cho céc trang thai electron dua trén cAu trac hinh hoc d3 tdi
wu hoa véi khong gian hoat dong thir nhat. Tét ca cac gia tri
nang luong twong ddi tinh theo phwong phap CASPT2 cua
cac cluster VGe, ™ dugc bao cdo dua trén két qua tinh bang
khong gian hoat dong thir hai.

£ 2 ~ 2 a
Két qua va thao luan
Két qua nghién ciru vé cac cluster VGe™

Dé xac dinh d6 dai lién két, tin s6 dao dong didu hoa,
va ning luong tuong ddi ciia cac trang thai electron ciia
cac cluster VGe™, duong cong thé ning cua cic trang thai
electron dugc xay dung va trinh bay trong hinh 2a va 2b.
Két qua phén tich cac duong cong thé ning duoc trinh bay
trong bang 1. Bang nay cho thiy trang thai co ban ciia cluster
anion VGe 1a *A (°A). Trang thdi nay c6 do dai lién két 1a
2,310 A va tan s6 dao dong la 301 em™. Céac trang thai kich
thich°B, (’I1), A, (°Z) va B, (®) kém bén hon 0,35, 0,51, va
0,74 eV so voi trang thdi co ban *A  (A). Trang thai ‘B, (‘@)
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Hinh 2. Dudng cong thé ning clia cic cluster VGe- (a) va VGe (b).
Bang 1. Cac thong so ciu tric, tan so dao dong va nang lugng tuong doi (NLTD) clia cac cluster VGe™.

: anepili : V-Ge Tinsé  NLTD® VDE
Pong phan : p Cau hinh electron A) (em™) V) V)
VGe A, 3A 1262136%146'67*T7°26" (51%) 2,310 301 0,00

°B, TI 1262136%146' 67 T7°26% (61%) 2,370 282 0,35
’A, ) 126°130%1406'67° 725" (29%) 2,411 360 0,51
’B, 3O 1262136%145°67*T7°20" (40%) 2,395 301 0,74
VGe ‘B, ‘O 1262136%146' 67 T7°26" (50%) 2,347 315 0,00 (1,48) 1,49
A, C5) 1202136%1406' 672 T7"26% (62%) 2,348 406 0,04
A, A 126°136%146°67*77°25" (39%) 2,340 284 0,31
’B, 0] 1262136%146'67°77°26" (21%) 2,380 346 0,31
‘A, ‘A 1262136146674 T7°20" (55%) 2,249 349 0,41
‘A, E5) 126*136146'67*77°26% (35%) 2,459 269 0,45
‘B, D 126%136%146'67*Tn' 20" (48%) 2,494 230 0,72

(a) Gia trj trong ddu ngodc la nang lugng tuong d6i ADE ctia trang thai co ban *B, (*®) clia cluster trung hoa dién so véi trang thai *A, (°A) cla cluster

anion.

la trang théi co ban cua cluster trung hoa dién VGe. Trang
thai nay c6 do dai lién két 1a 2,347 A va tan s6 dao dong 1a
315 em™. Trang thai °A| (°Z) c6 ning luong tuong ddi 1a 0,04
eV nén trang thai nay la gan nhu suy bién vdi trang théi co ban
‘B, (*®). Céc trang thai kich thich *A | (A), B, (D), ‘A, (*A),
A, (*2), va ‘B, (*®) c6 ning lugng cao hon 0,31, 0,31, 0,41,
0,45, va 0,72 eV so véi trang thai co ban ‘B, (‘). Theo két
qua tinh bang phuong phiap CASPT2, trang thai co ban ciia
cluster trung hoa dién VGe duoc du doan 1a ‘B, (‘®). Két qua
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nay 4 trai nguoc véi két qua thu duoc bang phiém ham PBE
trong do trang thai sextet dugc du doén la trang thai co ban
ctia cluster VGe [6]. O day, can luu ¥ 1a d6 dai lién két V-Ge
cua trang thai °A | (°X) tinh bang phuong phap CASPT2 c6 gia
tri 1a 2,348 A. Do dai lién két nay 1a ngén hon do dai lién két
2,526 A cua trang thai sextet tinh bang phiém ham PBE [6].

Gian d6 niang luong cac obitan phéan tir clia trang thai
co ban *A, (A) cua cluster VGe dugc trinh bay trong hinh
3. Qua hinh nay, cdu hinh electron cua trang thai ‘A, CA)

16



17a; (150)

7b4, 7b, (7m)

16a; (140)

15a4, 2a, (26)

6b1, 6b2 (67'[)

14a, (130)

035795y

13a; (120)
Hinh 3. Gian db nang lugng cac obitan phan ti cla trang thai
*A, (*0) cia cluster VGe~.

dugc xac dinh la 13a’14a°1 5‘9111l6’:11116b127b1°6b227b2°22120
hay 126°136°140'67*77°20". Trong cau hinh nay, cac obitan
13a, (120), 14a, (130), va 6b,, 6b, (6xr) duoc tao thanh chu
yeu tur obitan 4s, 4p cua Ge, trong khi cac obitan 1 Sa,, 2a,
(20), 16a, (140), 7b , Tb, (7r), va 1,7.911 (150) chu yéu dugc
tao thanh tir obitan 3d, 4s cua V. Cau hinh electron nay chi
chiém 51% trong tong s cac céu hinh electron tao nén trang
thai 3A (3A) Do d6, c6 thé n6i rang trang thai *A (A)co tmh
chat da cau hlnh rat manh. Phan traim dong gop cua cac cau
hinh chu yéu cua cac trang thai ning lugng thip cua cac
cluster VGe™ duoc trinh bay trong bang 1. Bang 1 cho thay
phan déng gop cua cau hinh electron chu yéu cia cac trang
thi electron déu thap. Trong truong hop cao nhét, ciu hinh
electron 126°136°14¢'67°77°26° cua trang thai °A | (°X) dong
g6p 62%.

Ning luong can thiét cho cic qua trinh tach electron ra
khoi cluster anion ciing dugc tinh toan. Nang lugng tach
electron dugc tinh bang cong thic sau:

DE =E(VGe') — E(VGe)
Trong do, DE 1a nang lugng tach electron, E(VGe™) va
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E(VGe) la nang lugng cua VGe™ va VGe. C6 hai loai nang
luong tach electron dugc biét dén 1a nang lugng tach electron
ADE (adiabatic detachment energy) va VDE (vertical
detachment energy). Nang lugng tach electron ADE thu
duogc khi cac gia tri nang lugng cua cluster anion va trung
hoa dién déu g véi cdu trac hinh hoc da tdi wu hoa hay tng
v6i cac diém cyc tiéu trén bé mat thé nang. Ning luong tach
electron VDE thu dugc khi nang lugng cua cluster anion ung
v6i cu trac hinh hoc da t6i wu héa, trong khi ning luong ciia
cluster trung hoa dién duogc tinh véi cAu trac hinh hoc d3 tdi
uu hoa cua cluster anion.

Bit dau tir trang thai *A | (°A), qua trinh tich mét electron
tir obitan lién két 6b, (67) s€ tao thanh trang thai ‘B, (‘D).
Nang luong tach electron ADE va VDE ciia budc chuyén
A, CA) — ‘B, (*®) tinh bang phuong phap CASPT2 ¢6 gia
tri lan luot 1a 1,48 va 1,49 eV. Trong budc chuyén nay, mot
electron dugc tach ra tir obitan lién két 6b, (6mr) nén do dai
lién két V-Ge tang tir 2,310 1én 2,347 A. Két qua tinh bang
phuong phap CASPT2 cho thiy ning lugng tach electron
ADE ra khoi cluster anion 1a 1,48 eV. Gia tri ning lugng
tach electron ADE nay 1 cao hon rat nhiéu so véi gia trj ai
luc electron cia cluster trung hoa dién tinh bang phiém ham
PBE. Diéu nay c6 thé duoc giai thich 14 trong tinh toén bang
phiém ham PBE, ai luc electron cua cluster trung hoa dién
duoc tinh dua trén qué trinh chuyén tir trang théi kich thich
sextet cua cluster trung hoa dién dén trang thai kich thich
quintet cda cluster anion.

Két qud nghién ciru vé cdc cluster VGe,”

Cac két qua nghién ctru trude ddy bang ly thuyét phiém
ham mat d cho thay dong phan bén nhit ciia cac cluster
VGe, " c¢6 dang hinh vong nhu trinh bay ¢ hinh 1. Phép tinh
bang phiém ham PBE ciing du doan dong phan hinh vong cua
cluster trung hoa 1 dong phan bén nhét mic du trang thai spin
van chua duogc cong bd [6]. Vé mat dbi ximg phan tir, dong phan
hinh vong thude nhém diém dbi xtmg C, . Gid tri do dai lién két
va nang lugng tuong doi cla céac trang thai electron cua dong
phan hinh vong VGe,™ tinh duoc bang phuong phap CASPT2
duoc trinh bay trong bang 2. K&t qua tinh cho thay cluster anion
VGe, c6 trang thai co ban 1a *A,. Trang thai triplet nay c6 d6 dai
lién két V-Ge va Ge-Ge lan luot 1a 2,351 va 2,497 A. Cac trang
thdi°B,,’B,, A, *A,, va’B, c6 ning luong cao hon trang thai co
ban lan luot 12 0,18, 0,24, 0,54, 0,56, va 0,58 eV. Dai voi cluster
trung hoa dién VGe,, trang thai co ban dugc xac dinh la 4B1~
Céc trang thai kich thich °A , *A , va A, ¢6 nang luong cao
hon trang thai co ban 1an luot 12 0,54, 0,66, va 0,69 eV. Do dai
lién két V-Ge va Ge-Ge ctia trang thai co ban ‘B, c6 gia tri lan
luot 142,373 va 2,351 A. Céc gia tri d¢ dai lién két nay 14 ngan
hon nhiéu so véi gia tri 2,536 va 2,405 A thu duoc tir cac phép
tinh bang phiém ham PBE [6].
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Bang 2. Cac thong sd cau tric hinh hoc va ning lugng tuong déi (NLTP) clia cic trang thai electron clia cac cluster VGe,™.

A £ - - (@)
Dong phan Trang thai Cau hinh electron \(IA();E’ €563 1(?{,’§D XI‘),;E
’A, 18a,219a,'20a,"7b *8b °14b,215b.°5a," (64%) 2,351, 2,497 0,00
°B, 18a,°19a,'20a,'7b *8b °14b,'15b.°5a," (81%) 2,389, 2,369 0,18
Hinh vong °B, 18a,*19a,°20a,°7b *8b °14b,'15b,°5a " (33%) 2,388,2,333 0,24
VGe, A 18a *19a,'20a "7b *8b '14b,'15b,’5a " (84%) 2,433,2,348 0,54
’A, 18a,219a,'20a,°7b *8b °14b,'15b,'5a " (76%) 2,369, 2,486 0,56
°B, 18a,*19a,°20a,°7b *8b '14b,*15b,°5a," (64%) 2,366, 2,498 0,58
‘B, 18a *19a,'20a "7b *8b 14b,'15b,"5a," (77%) 2,373,2,351 0,00 (1,20) 1,28
Hinh vong A, 18a,219a,'20a,°7b *8b °14b,*15b,"5a.° (65%) 2,370, 2,424 0,54
VGe, A 18a,219a "20a °7b *8b,'14b,'15b.°5a " (80%) 2,410, 2,326 0,66
’A, 18a,*19a,°20a,°7b *8b °14b,*15b,°5a,' (69%) 2,341, 2,452 0,69

(a) Gia tri trong ddu ngodc 1a ning luong tuong ddi so vai trang thai co ban clia cluster anion hay ndng lugng tach electron ADE cla cluster anion.

o on B B

20a; (0,16) 21a; (0,09) 6, (0,10) 16b, (0,03)
192, (0,96) 52, (0,96) 15b, (0,23) 8, (0,11)
17a; (1,88) 18, (1,87) by (1,85) 14b, (1,77)

Hinh 4. Hinh anh céc obitan phan tif va sd electron chiém clia
trang thai °A, ctia dong phan hinh vong VGe,~.

Pé hiéu dugc ciu '[I'l'J’.C electron cﬁe} céc cluster VGe, ",
cac obitan phan tu va so electron chiém thu duogc tur phép
tinh CASSCF can duoc khao sat. Hinh anh cac obitan
phan tir quan trong va sd electron chiém cua trang thai
*A, clia dong phan hinh V(‘)r}g VGe, dugc trinh bay trong
hinh 4. Tt hinh dnh nay, cau hinh electron cua trang thai
*A, cua dong phan hinh vong VGe, duogc xac (ﬁnh la
17a1218a1219a112031°7}9128b1°14b2215b2°5a2'. Trong cau hinh
nay, cac obitan cé phan dong gop 1on cua obitan 4p cua Ge
la17a, 18a, 7b , 14b,, 16b,, va 6a,. Cac 0bjtan 19a, 20a,,
2la, 8b, 15b,, Vé’Saz‘du(yc tao thanh chu yé€u tr cac obitan
3d va4s yﬁa V. Bat dau tur trang thai co bfln *A,, trang thi
°B, ¢6 thé dugc tao thanh bang cach chuyén mét electron tir
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obitan 14b, sang obitan 2‘Oal. Trang thai ‘B, ¢ thé dugc tao
thanh tir trang thai A bang cach tich m@trelectron ra khoi
obitan 14b,. Vi obitan 14b2 1a obitan lién két gitra obitan %d
cua V va obitan n”: cua phoi tr Ge,, nén trong 1t)’u('yc chuyén
tir trang thai A dén trang thai *B,, d9 dai lién két V-Ge tang
tr 2,351 1én 2,373 A, trong khi do dai lién két Ge-Ge giam
tir 2,497 dén 2,351 A. Céc gia tri nang lugng tach electron
ADE va VDE cuia budc chpyén *A,— B, tinh bang phuong
phap CASPT2 c6 gia tri lan luwot 1a 1,20 va 1,28 eV. Gia tri
ADE nay 16n hon 0,35 eV so vdi ai luc electron tinh bang
phiém ham PBE (0,85 eV) [6].

CAu trac hinh hoc va cu tric electron cua cac cluster
VGe, ™ (n = 1-2) da dugc nghién ctru bang phuong phap
CASSCF/CASPT2. Péi véi céc cluster VGe ™, trang thai
co ban dugc x4c dinh 1a trang thai A (CA) va 4B1‘(4(D). bo
dai lién ket ctia cdc trang thai A (A) va ‘B, (*®@) lan luot 1a
2,310 va 2,347 A. Gia tri tin s6 dao dong didu hoa cua cac
trang thdi °A, (CA) va ‘B, (*®) lan luot 1a 301 va 315 cm™.
Cac trang thai kich thich °B, (’II), *A, (°) va ’B, (®) kém
bén hon 0,35, 0,51, va 0,74 eV so véi trang thdi co ban A
(*A). Céc trang théi kich thich °A (°Z), A, (A), °B, (D), *A,
(*A), *A, (*2), va °B, (*®) c6 ning luong cao hon 0,04, 0,31,
0,31, 0,41, 0,45, va 0,72 eV so v6i trang thai co ban *B, (*D).
Céc gia tri nang luong tach electron ADE va VDE cua qua
trinh tach electron g véi budc chuyén A, CA) — B, (‘D)
cua cluster VGe™ c6 gia tri la 1,48 va 1,49 eV. i véi cac
cluster VGe, ™, trang thai co ban dugc du dodn 1a*A va ‘B,
ctia dong phan hinh vong. Do dai lién két V-Ge va Ge-Ge
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cua cac trang thai 3A2 cua cluster VGe, 1a 2,351 va 2,497
A. Do dai lién két V-Ge va Ge-Ge cuia cic trang thai ‘B, cua
cluster VGe,la 2,372 va 2,351 A. Céc trang thai °B,, 3]31, A,
°A,, va B, ¢6 ndng luong cao hon trang thi co ban *A, lan luot
la 0,18, 0,24, 0,54, 0,56, va 0,58 eV. Cac trang thai kich thich
2{%1, A, va ?A, c6 ning luong cao hon trang théi co ban ‘B,
lan luot 1a 0,54, 0,66, va 0,69 eV. Nang lugng tach electron
ADE va VDE 1mng v6i bude chuyén A, — ‘B, cta cluster
VGe, tinh bang phuong phap CASPT?2 c¢ gia tri 1a 1,20 va
1,28 eV.

Nghién ctru nay duoc tai trg boi Quy Phat trién khoa hoc
va cong nghé qudc gia (NAFOSTED) thong qua dé tai ma
s6 104.06-2016.16. Cac tac gia xin tran trong cam on.
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