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Tém tit

Cdu tric hinh hoc va cdu tric electron ciia cluster MnB”™"" doc nghién ciru bang phwong phap
tinh da cdu hinh CASPT2. Buong cong thé ndng cia cdc trang thai electron duoc xdy dung. Cac két
qua tinh dwoc nhw cdu hinh electron, dé dai lién két, tan sé dao dong diéu hoa, nang lwong tiwong doi,
di lye electron va ndng lwong ion héa ciia cdc cluster dwoc bdo cdo. Cdc két qua tinh dwoc cho thdy
ham song ciia cdc trang thdi electron ciia cdc cluster MnB”™" ¢6 tinh chdt da cdau hinh rat manh.

Tir khéa: Cdu triic hinh hoc, cdu tric electron, phwong phip CASSCF/CASPT2, cluster

MnB()/*/+.

1. Mé dau

Cac cluster (hay nhém nguyén tr) co6 kich
thudc nho duoc xem nhu cac don vi co s& dé xay
dung nén cac vat li€u nano. Pé hiéu rd sy hinh
thanh cluster va ban chit lién két cua cac cluster
¢O kich thudc 16n, cac cluster co kich thude nho
can dugc nghién ctru. Két qua nghién ctru cu tric
hinh hoc va ciu trac electron cta cac cluster kich
thuéc nho dong gop rat nhiéu vao viéc nghién ciru
vat liéu co6 kich thudc 16n nhu vat li€u nano, vat
liéu khéi, tinh thé [1], [10], [11]. Vi c6 tung dung
trong nhiéu linh vyc ctia cude sdng nhu xuic tac
cong nghiép, vi dién tur, y sinh va vat li¢u, cac
cluster ciia boron da dugc nghién ctru [5]. Viéc
pha tap cac nhom nguyén tu cua boron vdi céac
nguyén tir kim loai chuyén tiép c6 thé lam thay
d6i tinh chat ciia cac nhom nguyén tir ndy. Nhom
nguyén tir gitra boron va kim loai chuyén tiép c6
thé duoc str dung dé xay dung nén vat liéu siéu
clmg va vat liéu ban dan [13], [14].

Dé hiéu dugc tinh chat vat i va hod hoc cta
nhom nguyén tu gitra boron va kim loai chuyén
tiép, cau tric hinh hoc va cau truc electron cua
cac nhoém nguyén tir nay can dwoc nghién ctru. O
thoi diém hién tai, Iy thuyét phiém ham mat do
dugc st dung dé nghién ciu cAu tric hinh hoc,
cAu tric electron, tir tinh cua cluster MB, (M =
Cr, Mn, Fe, Co, Ni, n <7) [12] va MB, (M =,
Zr, Nb, Mo, Tc, Ru, n < 8) [7]. Cac cluster MB
(M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu) cling
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dugc nghién ctu bang phuong phap tinh MRCI
[18]. Cau trac hinh hoc, d6 bén, ciu trac electron
cua cac cluster ScB,, (n = 1-12) dugc nghién ctru
bang 1y thuyét phiém ham mat do va phuong
phdap CCSD(T) [9]. Tinh chit cia cac cluster
BCu, BAg, BAu duoc nghién ciru bang phuong
phap tinh da cdu hinh CASSCF/CASPT2 va
phuong phap CCSD(T) [4].

D6i v6i cluster MnB, cac két qua nghién
ctru bang phuong phap tinh MRCI cho thay trang
thai co ban cua cluster nay 1a °IT v6i do dai lién
két 12 2,190 A va tan s6 dao dong didu hoa 1a 392
cm™' [18]. Céc trang thai kich thich °X” va II ¢6
nang luong cao hon trang thai co ban 1a 0,12 va
0,33 eV. Mac du cluster MnB da duoc nghién
ctru bang phuong phap MRCI [18], theo tim hiéu
cia chung toi, cluster anion MnB~ va cation
MnB* van chua duoc nghién ciru bang bat ki
phuong phép tinh héa hoc lugng tir nao. Viéc
nghién ctru cdu tric hinh hoc va cdu tric eletron
cta cluster anion MnB™ va cation MnB" s& mang
dén nhitng hiéu biét quan trong vé ban chét cua
cac qua trinh thém va tach electron ra khoi
cluster trung hoa dién MnB [15], [16], [17].
Trong cong trinh nay, chiing t61 s€ nghién ctru
cdu tric hinh hoc va ciu tric electron cia
MnB"”"* bang phwong phéap tinh da ciu hinh
CASSCF/CASPT2. Phuong phap tinh da ciu
hinh CASSCF/CASPT2 dugc biét dén nhu mot
phuong phép tinh dic biét phu hop dé nghién
ctru cac cluster chira kim loai chuyén tiép [8],
[17]. Trong cdng trinh ndy, cdu hinh electron, do
dai lién két, tan s6 dao dong diéu hoa, nang
luong twong d6i (NLTD) cua cac trang théi
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electron thudc cluster MnBY " s& duoc bao céo.
Ngoai ra, ai lyc electron va nang luong ion hoa
cia cluster MnB ciing duoc tinh toan bang
phuong phap CASSCF/CASSPT2.

2. N¢i dung nghién ciru

Céu tric hinh hoc va cu trac electron cua
cac cluster MnB”™"" duoc nghién ctru bing hoa
hoc tinh toan. Phuwong phap da cidu hinh
CASSCF/CASPT2 duogc sit dung dé tinh ning
luong diém don cho céc trang thai electron ciia
cluster MnB", cluster MnB va cluster MnB™ [8],
[17]. Céc cluster MnB~, MnB va MnB* déu co
ddi xung Cuy. Vi chi cdc nhom diém Abel duoc
hd tro trong cac phép tinh CASSCF/CASPT2
nén nhom diém C,y duogc st dung cho cac cluster
MnB " [15], [18]. Phuong phap CASSCF duoc
str dung dé tinh ning lugng twong quan tinh cho
cac trang thai electron. Trong cac phép tinh
CASSCF, khong gian hoat dong (active space)
duoc lua chon bao gém cac orbital phan tir co
phan déng gbp chu yéu cua cac orbital 3d, 4s cia
Mn va 2s, 2p cua B. Khong gian hoat dong nay
c6 9, 10, hoac 11 electron phan bd trén 15 orbital
phan tir trong tmg vé6i 3 cluster MnB*, MnB va
MnB™ [18]. Trén co s& ham song thu dugc tir
phép tinh CASSCF, phuong phap CASPT2 dugc
sir dung dé tinh ning lugng twong quan dong.
Trong cac phép tinh CASSCF/CASPT2, cac bd
ham co s¢ aug-cc-pwCVTZ-DK va aug-cc-
pVTZ-DK dugc st dung lan lugt cho Mn va B
[3], [6]. Cac phép tinh CASSCF/CASPT2 dugc
thuc hién v6i phan mém MOLCAS@UU 8.0 [2].

3. Két qua va thio luin

Do dai lién két, tan sb dao dong diéu hoa, va
NLTD cua céc trang thai electron cta cac cluster
dugc tinh bang phuong phap CASSCF/CASPT2.
Nhimg két qua lién quan dén cluster MnB trong
nghién ctru nay sé& duge so sanh voi nhiing két
qua tinh bang phuong phap MRCI [18]. Theo
hiéu biét cua chung t6i, nhing két qua vé do dai
lién két, tan s6 dao dong diéu hoa va NLTD cua

cac trang thai electron cua cluster MnB™ va
MnB* thu dugc trong bai bdo nay la hoan toan
méi va chua timg dugc cong bd trong bat ky
cong trinh nghién ctru nao.

3.1. Cluster MnB

Pé xac dinh cdu hinh electron, do dai lién
két, tan sb dao dong diéu hoa, va NLTD cua céc
trang thai electron cuia cluster MnB, dudng cong
thé ning cua cac trang thai electron dugc xdy
dung va dugc trinh bay trong Hinh 1. Phan tich
cac dudng cong thé ning sé thu duoc do dai lién
két, tan s6 dao dong diéu hoa va NLTD cua céac
trang thai electron. Két qua phan tich cac duong
cong thé nang nhu trinh bay trong Bang 1 cho
thdy trang thai electron co ban cia cluster MnB
la °A, khi tinh theo nhom diém dbi xtimg Co.
Trong nhém diém d6i xtmg C.,, trang thai
quintet nay dugc ky hiéu 1a . Trang thai °B;
(°IT) ¢6 nang luong cao hon trang thai °A, (°")
chi 0,01 eV. Sy khac biét Vé nang lugng gitra hai
trang thai quintet ¢ day 1a rat nho nén cé thé noi
rang hai trang thai nay la gan nhu suy bién véi
nhau. Do viy, ¢ diéu kién thong thuong, cluster
MnB c6 thé t6n tai & ca hai trang thai quintet
nay. Cac trang thai A, (=), "B, ('II), va 'A,
("X") ¢6 nang luong cao hon trang thai co ban lan
luot 12 0,26, 0,43 va 0,57 eV.
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Hinh 1. Puong cong thé ning ciia cic trang thai
electron ciia cluster MnB tinh dwgc bing phwong
phép CASPT2

Bing 1. CAu hinh electron, d9 dai lién két, tin s6 dao dong diéu hoa
va NLTD cia cac trang thai electron ciia cluster MnB

N Mn-B (A) Tén s6 (cm™) NLTD (eV)
Trang thai Cau hinh electron CASPT2 MRCI CASPT2 MRCI CASPT2 MRCI
A, CE)  70°3n"86"96"15%4n° (55%) 1,805 1,832 710 636 0,00 0,00
°B,(I)  70°31°806°96"15%4n° (43%) 2,041 2,190 505 392 0,01 -0,12
A, CZh 76°31°86%96"15%4n° (17%) 1,776 707 0,26
B.('T)  70°3n%°86°95"16%4n" (73%) 2,330 2,343 368 351 0,43 0,21
A, ('T)  76%31°86"96"16%4n (34%) 1,942 611 0,57
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Sy gan nhu suy bién giita trang thai °A,
(°X") va °B; (II) ciing dugc phat hién khi tinh
bang phuong phap MRCI [18]. Tuy nhién, trai
ngugc voi phuong phap CASPT2, phuong phap
MRCI lai tinh dugc trang thai °B; (°IT) 1a trang
thai co ban, trong khi trang thai °A, (°X") ¢ ning
lwong cao hon 0,12 eV. Can luu ¥ 1a trong cac
phép tinh MRCI, khong gian hoat dong duogc st
dung chi bao gdm 10 electron phan bd trén 10
orbital. Khong gian hoat dong nhu vay la nho
hon khong gian hoat dong da st dung cho phép
tinh CASSCF/CASPT2 gbm 10 electron phin b
trén 15 orbital. Vi sir dung khong gian hoat dong
16n hon, chung t6i tin ring két qua tinh dugc
bang phwong phap CASPT2 c6 d tin cdy cao
hon. Nghia la trang thai co ban cua cluster MnB
1a°A; ).

Do dai lién két va tan sb dao dong cua cac
trang thai electron ctia cluster MnB tinh bang
phuong phap CASPT2 dugc trinh bay trong
Bang 1. Qua bang nay, co thé thiy rang trang
thai co ban °A; (°Z) co do dai lién két 1a 1,805
A. Gia trj d6 dai lién két nay 1a rat gin voi gia tri
1,832 A thu duoc tir phép tinh MRCI. Tan sé dao
dong cua trang thai co ban tlnh bang phuong
phdp CASPT2 c6 gi4 tri 710 cm ™. Gia tri tn s
dao dong tinh dugc nay la cao hon gia tri 636
cm ' tinh bang phuong phap MRCI. Can luu ¥ 1a
trong cac phép tinh hoa hoc lugng tir, gia tri cua
tan s6 dao dong diéu hoa la rat nhay cam voi
phuong phap tinh. Do d6, viéc so sanh gia trj tan
s6 dao dong diéu hoa tinh bang cac phuong phép
khac nhau chi mang tinh chit dinh tinh.

100°

- -
e

182

I LA

Hinh 2. Gian db ning lrong cac orbital phan tir clia
trang thai co ban °A, (°X") ciia cluster MnB

Gian dd nang luong cac orbital phan tir ciia
trang thai co ban A, (°") ctia cluster MnB duoc
trinh bay trong Hinh 2. T hinh nay, cdu hinh
electron cua trang thai °A, (52_) duoc xac dinh la
76%31*86'96'18%471°10c°. Cau hinh nay chi
chiém 55% trong tong sd cac cau hinh tao nén
trang thai °A; (°X"). Do d0, ¢ thé noi rang trang
thai quintet ndy c6 tinh chit da cdu hinh rat
manh. Orbital 76 dugc tao thanh chu yéu tu
orbital 2s ctia B. Cac orbital 3z 1a cac orbital lién
két giita orbital 3d ctia Mn va 2p cua B. Orbital
8o la orbital phan lién két duoc tao thanh chu
yéu tir orbital 4s ciia Mn. Orbital 9o 13 orbital
lién két gitra orbital 3d cua Mn va orbital 2p cua
B. Céc orbital 16 1a cac orbital 3d ciia Mn. Céc
orbital 4w 1a cac orbital phan lién két giira cac
orbital 3d ciia Mn va céc 2p cua B. Orbital 100 la
orbital phan lién két duoc tao thanh tir orbital 3d
cua Mn va orbital 2p cua B.

Trang thai °B; (IT) ¢ c4u hinh electron 1a
76%31°86°96"18%4n°. Cau hinh nay chiém 43%
trong tong sd cac cdu hinh tao nén trang thai °B;
(°II). Trang thai °B; (°II) dwoc hinh thanh tir
trang thai °A; (°X) bang cach chuyén mot
electron tir orbital lién két 3n sang orbital phan
lién két 8c. Vi electron dugc chuyén tir orbital
lién két 3m 1én orbital phan lién két 8o, ning
luong cia trang thai °B; (IT) cao hon trang théi
*A; (°2") 0,01 eV. Qué trinh chuyén electron nhu
vay con lam cho d¢ dai lién két Mn-B cling bi
kéo dai ra tir 1,805 A trong trang thai °A; CX")
dén 2,041 A trong trang thai °B; (°II).

3.2. Cluster anion MnB~

Puong cong thé ning cua cac trang thai
electron cua cluster MnB~ tinh bang phuong
phap CASPT2 dugc trinh bay trong Hinh 3. Trén
cd s& cac dudong cong thé ning, cac do dai lién
két, tan sb dao dong diéu hoa, va NLTD cta cac
trang thai electron dugc xac dinh va dugc trinh
bay trong Bang 2. Cac két qua tinh dugc cho
thay trang thai °A, (°") 1a trang thai co ban voi
do dai lién két Mn-B 1a 2 ,063 A va tan sb dao
dong diéu hoa 12 474 cm™'. Trang thai co ban nay
¢6 cau hinh electron 1 76?31°86%96"18%4n". Cau
hinh electron nay chi chiém 22% trong tong sd
cac cu hinh c6 trang thai electron °A, (62_) Do
do, trang thai A, (°2) c6 tinh chét da ciu hinh
rat manh. Céac phép tinh CASPT2 ciing cho thiy
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cac trang thai kich thich cua cluster MnB . Cu
thé, cac trang thai *A, (*X"), °A; (°2), *B1 (*IT) ¢
ning luong cao hon trang thai co ban °A; (°Z")
lan luot 12 0,32, 0,47, va 0,75 eV.
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Hinh 3. Puong cong thé ning cia cic trang thai
electron ciia cluster MnB™ tinh bing phwong phap
CASPT2

Bang 2. CAu hinh electron, do dai lién két, tan s dao
dong dieéu hoa va NLTD cua cac trang thai electron
ciia cluster MnB™ tinh bang phwong phap

CASSCF/CASPT2

Trang £ ps Mn-B  Tén sb NLTD

thai Cau hinh electron ( A) (Cm_l) (V)

A, °2)  76%3n%86%96%16%4nt 2,063 474 0,00
(22%)

‘A (") 76%31'86°96'18%4n° 1,956 488 0,32
(18%)

A1 °2)  76%3n%86%9616%4nt 2,136 591 0,47
(13%)

Bi('l)  76%31%86°96°18%4n° 1,997 510 0,75
(42%)

3.3. Cluster MnB”*

Puong cong thé néng cua cac trang thai
electron cua cluster MnB™ dugc trinh bay trong
Hinh 4, trong khi cac d6 dai lién két, tan s dao
dong diéu hoa va NLTD cia cac trang thai
electron duoc trinh bay trong Bang 3. Két qua
tinh dugc cho thdy trang thai co ban cua cluster
nay la *A; °Z"). Trang thai nay c6 do dai lién két
12 2,059 A va tan s6 dao dong diéu hoa 1a 299
cm™'. Céu hinh electron cta trang thai electron
co ban 1a 76%31°86%°96'18%4n". Cau hinh nay
chiém 66% trong téng sd cau hinh tao nén trang
thai electron °A; (°T"). Cac trang thai °B; (°IT),
*A; (*27) va *B; (“IT) ¢6 NLTP cao hon trang thai
co ban lan luot 14 0,53, 0,55 va 0,61 eV.
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Hinh 4. Puong cong thé ning ciia cac trang thai
electron ciia cluster MnB" tinh dwgc bang phwong
phép CASPT2

Biang 3.Céu hinh electron, d9 dai lién két, tin sb dao
dong diéu hoa va NLTD ciia cac trang thai electron
cita cluster MnB" tinh bing phuwong phip
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g;-‘rgling Céu hinh electron ?//ISS B (1;?:_%) 1(21\;)“)

°A; °=F)  70%37%86°90718%n° 2,509 299 0,00
(66%)

B, °II)  76%37°86'90'18%n° 2,061 525 0,53
(65%)

A (*E) 76%3n806%c'18%n° 1,763 730 0,55
(66%)

By (‘)  76°37°86°90°18%n° 1,948 533 0,61
(30%)

3.4. Nang lwgng ion hda va ai luc electron
cua cluster MnB

Cluster MnB~ va MnB* ¢6 thé duogc tao
thanh bang cach thém hay tach mét electron ra
khoi cluster MnB. Bién thién niang luong tmg voi
cac qua trinh nay duoc goi la ai luc electron va
nang lugng ion hoéa cua cluster MnB. Duya trén
cic két qua tinh dwoc bang phuong phap
CASPT2, ai lyc electron va nang lugng ion hoa
cua cluster MnB dugc xac dinh. Sy thay ddi do
dai lién két Mn-B trong cac qua trinh thém va
tach electron ra khoi céc cluster cling dugc giai
thich cu thé.

Ai luc electron cua cluster MnB duoc xac
dinh nhu sau:
MnB + le - MnB
EA = E(MnB) — E(MnB")

=[(—1182,562908) — (—1182,624222)]x27,212

=1,67eV

Trong do, EA 1a ai luc electron, E(MnB) va
E(MnB") la nang luong trang thai co ban cua
cluster MnB va MnB™. Cu thé, ai luc electron &
day duogc tinh cho budc chuyén °A, (52_) — A,
(°Z"). Céc két qua tinh dwoc bing phuong phap
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CASPT2 cho thay 4i luc electron ciia MnB ¢6 gia
tri 1a 1,67 eV. Ai luc electron véi gia tri duong
c6 nghia 1a qua trinh nhdn mdt electron cua
cluster MnB phat ra nang luong 1,67 eV. Mat
khac, trong budc chuyén °A; C2) — °A; (¢2),
mot electron da duogc thém vao orbital 8c. Tu
Hinh 2, ¢6 thé thiy rang orbital 8c Ia orbital phan
lién két c6 phan déng gop 16n cua orbital 4s cia
Mn. Do d6, viéc thém mot electron vao orbital
phan lién két s& 1am d¢ dai lién két tang 1én. That
vay, trong budc chuyén °A, LX) — °A; (°%), 46
dai lién két Mn-B d tang tir 1,805 1én 2,063 A.

Nang lugng ion hoa cua cluster MnB dugc

xac dinh nhu sau:

MnB — le — MnB"

IE = E(MnB") — E(MnB)
=[(-1182,316243) — (—1182,562908)]x27,212
=6,71eV

Trong d6, IE la nang lugng ion hoa,
E(MnB") va E(MnB) 14 ning lugng trang thai co
ban cua cluster MnB* va MnB. Nghia 1a ning
lugng ion hoa cluster MnB duogc tinh thong qua
budc chuyén °A; X)) — °A; (°Z"). Cac két qua
tinh bang phuong phap CASPT2 cho thdy ning
lugng ion hoa cua cluster MnB c6 gia tri 1a 6,71
eV. Nghia la qua trinh tach mot electron ra khoi
cluster MnB can ning luong 6,71 eV.

Can luu ¥ 1a bude chuyén °A; (X)) — °A;
(°x*) 1a budc chuyén hai electron. Trong do, mot
electron bi tach khoi orbital lién két 3w, ddng
thoi mot electron khac bi chuyén tur orbital lién
két 3m dén orbital phan lién két 8c. Nhu vay, ¢
day co qua trinh tach electron ra khoi orbital lién
két va quéa trinh chuyén electron tir orbital lién
két 1én orbital phan lién két. Ca hai qua trinh nay

déu co tac dung 1am suy yéu lién két hoa hoc. Do
d6, c6 thé du doan 1a do dai lién két Mn-B s&
ting 1én trong budc chuyén °A, () — °A;
(°x*). Cac két qua tinh bang phuong phap
CASPT2 cho thiy d6 dai lién két Mn-B da tang
manh liét tr 1,805 1én 2,509 A trong budc
chuyén °A; °2") — °AL (°2).

4. Két luin

CAu tric hinh hoc va cu trac electron cua
céc cluster MnBY™ dwoc nghién ctru bang
phuong phéap tinh da ciu  hinh
CASSCF/CASPT2. Két qua tinh dugc cho thiy
cac trang thai electron cua céc cluster MnB”
c6 tinh chét da cdu hinh rit manh. Trang thai co
ban cuia cluster trung hoa MnB 1a °A, (°Z"), trong
khi trang théi °By (°IT) gan nhu suy bién véi trang
thai co ban. Trang théi co ban cua cluster anion
MnB~ 12 °T" va cua cluster cation MnB* 1a °%*.
Do dai lién két cua cac cluster MnB” ™" ¢ trang
thai co ban dugc xac dinh c6 gia tri lan luot 1a
1,805, 2,063 va 2,509 A. Tan sé dao dong diéu
hoa cua cac trang thai co ban cua cac cluster
MnB” " ¢6 gid tri 1a 710, 474 va 299 cm™'. Do
dai lién két, tan s6 dao dong diéu hoa va NLTD
cua cac trang thai kich thich cua cac cluster
MnBY cling dugc bado céo. Ai luc electron va
ning luong ion hoa cia cluster MnB tinh bang
phuong phdp CASPT2 c6 gia tri twong ung la
1,67 va 6,71 eV. Trong qua trinh thém electron
va tach electron ra khoi cluster MnB, d¢ dai lién
két Mn-B ting rat manh.
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AN INVESTIGATION OF THE GEOMETRICAL AND ELECTRONIC STRUCTURES
OF MnB"™ CLUSTERS BY MULTICONFIGURATIONAL CASSCF/CASPT2 METHOD

Summary

The geometrical and electronic structures of Mn clusters were investigated using the
multiconfigurational CASSCF/CASPT2 method. The potential energy curves of the low-lying
electronic states were built. The obtained results such as electron configurations, bond distances,
harmonic vibrational frequencies, relative energies, electron affinity, and ionization energy of MnB
cluster were reported. These results showed that the wave functions of the low-lying electronic states
of MnB”™"* had a strong multiconfigurational propert.

Keywords: Geometrical structure, electronic structure, CASSCF/CASPT2 method, Mn
clusters.
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