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Tém tit

Cdc trang thdi electron co ban va kich thich cia cluster MnS™ dwoc nghién citu bang cdc phwong
phdp CASSCF va NEVPT2. Két qud chi ra rang, trang thdi electron co bdn cia cluster MnS™ la 72" véi
6 electron ddc thdn phdn bé trén cdc orbital phan tir ¢ heong dong gop chii yéu ciia orbital 3d va 4s
ciia Mn. Trang thdi electron co ban ciia cluster MnS la °Z*. Cdc két qua tinh dd dwoc sir dung dé gidi

thich phé quang electron ciia cluster MnS™.

Tir khéa: cluster MnS™, cdu tric electron, CASSCF/NEVPT2

1. Pit van dé

Cluster (nhém nguyén tur) chtra kim loai
chuyén tiép va luu huynh c6 vai tro rat quan trong
trong cac qua trinh sinh hoc va xtc tac cong nghi¢p
[3]. Pay chinh la 1i do ma céc cluster thudc loai nay
d3 duoc nghién ctru rat nhidu béi ca cac nha hoa hoc
thuc nghiém 13n hoa hoc 1y thuyét. Mot trong nhiing
k¥ thuat thuc nghiém quan trong dugc sir dung dé
nghién ctru cluster chira kim loai chuyén tiép 1a
phé quang electron cua anion (anion photoelectron
spectroscopy) [9]. Phé quang electron co kha nang
cung cap nhung thong tin quan trong vé ciu trac
hinh hoc va ciu trac electron cua cluster mang
mot dién tich am (anion) va cluster trung hoa dién
(neutral) [8]. Dbi voi cluster chtra kim loai chuyén
tiép, mdi cluster thuong ton tai mot vai dong phan
(isomer) c6 d6 bén gan nhu twong duong nhau.
Hon nita, mdi dong phan cua cluster chira kim loai
chuyén tiép thuong co cdu tric electron phirc tap
v6i nhiéu trang thai electron gan nhu suy bién vé
mit nang luong. Chinh didu nay lam cho viéc hiéu
cac thong tin tham do duge tir phd quang electron
tro' nén vo cung kho khan.

Nhitng nghién ctru gan dy di chi ra ring,
can thiét sur dung hoa hoc tinh toan dé hiéu duogc
cac thong tin thim do duge tir phd quang electron
[8]. Bén canh d6, nhitng thanh tyu gan day cua
hoa hoc tinh toan ciing da khéng dinh hoa hoc tinh
toan c6 kha ning tinh dugc hau hét cac tinh chat
clia cac phén tir trong héa hoc nhu cdu trac hinh
hoc, céu tric electron, tin sb dao dong... véi do
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chinh xéc cao [8]. Do vay, cac phép tinh hoa hoc
tinh toan thudng duogc tién hanh dé giai thich phd
quang electron ctia cac cluster chira kim loai chuyén
tiép [8]. P6i v6i cluster MnS~, mic du phd quang
electron di duogc do va duoc xuét ban cach day
rat 1au nhung van chua c6 phép tinh hoa hoc tinh
toan nao duoc tién hanh dé giai thich tron ven phé
quang electron nay [ 10]. Do vay, trong bai bao nay,
cAu trac hinh hoc va céu triic electron cua cluster
MnS ™ dugc nghién ctru bang hoa hoc tinh toan
sir dung phuong phap CASSCF/NEVPT2 [2]. Két
qué tinh s& duogc sir dung dé giai thich phd quang
electron cua cluster MnS™.

2. No¢i dung nghién ciru

Vi ciu trac electron cua cluster MnS™ 1a
rat phirc tap nén chiing t6i chon phuong phap
CASSCF/NEVPT2 dé nghién ctru cac cluster nay.
Cac phuong phap tinh nay da duogc kiém tra va
chimg to 13 rat phit hop dé nghién ctru cluster chira
kim loai chuyén tiép mic du yéu cau vé sirc manh
may tinh cua cac phuong phap nay la rat 16n [2], [7].
Céc orbital phén tir cn thiét dé st dung cho phuong
phap NEVPT2 duoc tdi vu bang phuong phap
CASSCEF. Pé thyc hién phép tinh CASSCF, diéu
dau tién can phai lam 1a lya chon mot khong gian
hoat dong (active space) phu hop cho hé nghién
ctru. O day, khong gian hoat dong dugc hiéu 1a su
phan bd n electron vao m orbital phan tir theo tit ca
nhing cach co thé dugc. C6 thé hinh dung khong
gian hoat dong la noi ma phuong phap tuong tac
céu hinh (configuration interaction) duoc ap dung
mot cach day du. Trong bai bao nay, hai khong gian
hoat dong (active space) dugc st dung trong cac
phép tinh CASSCF. Khong gian hoat dong thir nhit
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dugc goi 1a AS-I bao gdm céc orbital 3d, 4s ciia
Mn va orbital 3p, 4p cua S. Nhu vay, khong gian
hoat dong AS-I s& c6 tong cong 11 hay 12 electron
phan bd trong 12 orbital phan tir. Khong gian hoat
dong thur hai (AS-II) duoc tao ra bﬁng cach thém 3
orbital 40 (khong cé electron dién vao) vao AS-I.
Két qua, khong gian hoat dong AS-II s& bao gom
11 hay 12 electron phan bé trong 15 orbital phan
tor. Khong gian hoat dong AS-I dugc sir dung cho
céc phép tinh quét dudng cong thé ning cuia cac
trang thai electron cia cluster MnS™° dé tim ra
cac cyc tiéu niang lugng va tinh tan sé cua cac dao
dong diéu hoa.

Phép tinh NEVPT2 dugc tién hanh trén co
sO cac orbital thu dugc tir phuong phap CASSCEF.
Theo d6, phép tinh quét duong cong thé ning dé
tim ta cac cuc tiéu ning luong va tinh tan sé dao
dong diéu hoa duogc thuc hién véi khong gian
hoat dong AS-I. Trong khi khong gian hoat dong
AS-II dugc st dung cho cac phép tinh nang luong
diém don dé tim ra thu ty nang luong tuong ddi
cua céc trang thai electron khac nhau trong cluster
MnS™. B ham co s aug-cc-
pVTZ-DK [4] dugc st dung

3. Két qui nghién ctru va thio luin

Trong Bang 1, ching toi trinh bay cac két
qua tinh vé d6 dai lién két, tan sé dao dong va
ning luong twong dbi cua cac trang thai electron
khac nhau ciia cac cluster MnS™. O déy c6 2 loai
nang lugng trong d6i can dé cap 1a ARE (adiabatic
relative energy) va VRE (vertital relatively energy).
ARE la niang lugng tuong ddi tinh dugc khi do dai
lién két Mn-S cua tit ca cac trang thai electron déu
dugc ti wu. Con VRE 1a ning luong twrong dbi tinh
dugc khi d6 dai lién két Mn-S cua tat ca cac trang
thai electron déu dugc gilr ¢ dinh b::ing vo1 do dai
lién két Mn-S d3 t6i vu coa trang thai co ban cua
cluster MnS™. Tir Bang 1, c6 thé thdy rang trang
thai electron co ban cua cluster MnS™ la 7A | ('Z").
Céc trang thai kich thich cla cluster anion la A,
(CZY), B, CII), va°A, (fA) voi VRE tuong ung 1a
0,41;1,59va2,71 eV. bai voi cluster trung hoa dién
MnS, trang thai co ban dugc xdc dinh 1a °A | (°Z").
Céc trang thai kich thich cua cluster MnS dugc xac
dinh 1a °B, (°IT), *B, (*I1), *B, (*IT) v6i VRE tuong
ung 1a 2,37; 2,63 va 2,87 eV.

Bang 1. Pj dai lién két, tin sé dao dong va niing hrong twong ddi
cuia cac trang thai electron khac nhau cia cluster MnS™ thu dugc

v6i khong gian hoat dong tir Rhép tinh NEVPT2
AS-I, trong khi bd ham co s& Clust trang  Mn-S Tsz(l)n ARE (eV) VRE (eV)
aug-cc-pVQZ-DK[4] dugc su U thai ,
dung véi khong gian hoat dong (A (em?) AS-I ASIII TN ASI ASII TN
A'S I1. Cac hiéu 1'Ing tlI(;Tlg df)l MnS™ A (Z%) 2,169 438 0,00 0,00 0,00 0,00

" £ s A A, () 2,121 413 039 0,41
duogc tinh dén bang toan tu SBI (SH) L5
Hamilton Douglas-Kroll-Hess (D ’

5 5
bac 2 [5], [6]. Electron trong A, C8) 27
. 5 6 63+

c4c orbital 1s, 2s, 2p ctia Mn MnS A (T 2,038 461 1,57 1,63 1,77 1,67 1,75 2,03
va S duoge Cé dinh trong Cac ‘B, (°IT) 2,264 352 2,33 2,58 2,37 2,62 278
phép tinh NEVPT2. Vi chi ¢6 B, (1) 2,344 360 2,45 2,70 2,63 2,88
cac nhom diém d6i ximg Abel ‘B, (‘II) 2.87

duoc hd tro trong cac phép tinh
CASSCF va NEVPT2, nén tat
cac cac phép tinh cho cluster
MnS~ duoc tién hanh trong
nhom diém déi xing C,, mac du céc cluster nay c6
nhom di€ém doi xiang ding la C_ . Tat ca cac phép
tinh CASSCF va NEVPT2 duoc tién hanh véi phan
mém DALTON [1] va hé théng may tinh chuyén
dung dét tai Truong Pai hoc B(‘Sng Thap.
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Ghi chu: ARE = adiabatic relative energy, VRE = vertical relative energy, TN =
thue nghiém. Poi véi cdc qud trinh tdch mét electron ra khoi cluster MnS~ thi ARE = ADE
(adiabatic detachment energy) va VRE = VDE (vertical detachment energy). Voi ADE va
VDE la ndng lwong tach electron ra khoi cluster anion.

Céu trac electron ciia trang thai co ban A,
("Z%) ctia cluster MnS~ duoc trinh bay trong Hinh 1.
Tir hinh nay, c6 thé thdy rang tit ca cac orbital phan
tir ¢6 phan dong gop 16n cua cac orbital 3d va 4s
ctia Mn déu c6 1 electron dién vao. Céc orbital nay
c6 tén goi twong tmg theo nhom diém C,lalla,
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12a, 13a, 5b,, 5b, va la,. Mat khéc cac orbital
phan tor co phan dong gop lon cua orbital 3p cua S
(10a,, 4b , 4b,) déu duoc dién 2 electron. Bit dau
tlr trang thai co ban ’A,| ("X") cua cluster MnS", khi
tach mot electron ra khoi orbital 13a, ta thu dugc
trang thai co ban ‘A (°X%) cua cluster MnS. Ngoai
ra, néu tich mot electron ra khoi orbital 5b, cua
trang thai "A, (7Z+) ta thu duorc trang thai °B, (6H)
cua cluster MnS O day, can luu y rang khong co
qua trinh tich mdt electron nao tir trang thai "A

(’=%) ¢6 thé dan dén két qua 1a trang thai ‘B, (4H)

cua cluster MnS.
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Hinh 1. Gidn dd cac orbital phan tir ciia trang thai co
bin’A, (L") ciia cluster MnS~

Pho quang electron ciia cluster MnS~ dugc do
bang cach dung tia laser véi nang luong bang 355
nm hay 3,49 eV ban pha cic cluster MnS™ [10].
Qué trinh bin pha nay s& lam tach electron ra khoi
cluster MnS~ dé tao thanh cluster MnS:

MnS™ + Av — MnS + e (D)

Ning luong lién két cua electron voi cluster

MnS duogc xac dinh theo cong thic sau:
hv = KE + BE 2

v6i hv 1a nang lugng cua tia laser, KE (kinetic
energy) la dong nang cua cac electron bi tach ra,
va BE (binding energy) la nang luong lién két ciia
electron v6i cluster MnS. Bing cach do dong ning
KE cuia cac electron, phd quang electron cia cluster
MnS~ dugc ghi nhan va dugc trinh bay trong Hinh
2a. O day, can luu ¥ rang nang luong lién két cia
electron voi cluster MnS con duoc biét dén nhu
la nang luong tach electron ra khdi cluster MnS™.
Thong thuong c6 hai loai nang lugng tach electron
la ADE (adiabatic detachment energy) va VDE
(vertical detachment energy). ADE dugc x4c dinh
13 vi tri bat ddu cua day phd, trong khi VDE dugc
xac dinh 13 vi tri ma & d6 day phd co cuong do
cao nhat. TUr Hinh 2, c6 thé thay rang pho quang
electron cia cluster MnS~ ¢6 2 ddy phd, trong dé
day phé dau tién (diy X) c6 ADE va VDE lan luot
1 1,77 va 2,03 eV, trong khi day pho thtr hai (day
A) ¢6 VDE 14 2,78 eV. Ca hai ddy pho nay déu co
d6 rong rat 16n va diéu nay cho thay kha ning hai
diy ph nay dugc tao nén tir nhirng budc tién dao
d6ng hay nhiéu dinh phd (peak) khac nhau, nhung
vi d6 phan giai ctia quang phd do duoc 1a rat thap
nén khong nhin thdy duge cac dinh ph.
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(a) Pho quang electron ciia MnS~ (b) A, (X)) — °A, (°TY) (© A, (X)) — ‘B, (‘I

Hinh 2. Phd quang electron ciia cluster MnS™ (a) va mé phoéng cac hé sé6 Franck-Condon
cho buéc chuyén ’A (") — °A, (°E*) (b) va bude chuyén "A, ('E*) — °B, () (¢)
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Pho quang electron ciia cluster MnS~ trudc
day dugc giai thich dua vao cac két qua hoa hoc tinh
toan cho cluster MnS va qui téc chon loc electron
[10]. Qui tac chon loc nay noi rang chi nhitng qua
trinh tach mét electron ra khoi cluster anion dé tao
cluster trung hoa dién mdi dugc ghi nhan trong
phd quang electron. Vi du nhu qua trinh tach mot
electron ra khoi trang thai quintet s€ tao thanh cac
trang thai sextet va quartet. Cu thé, diy phd X da
duge cho 1a thudc vé qué trinh tach mot electron
ra khoi cluster MnS~ dé tao thanh trang thai co
bin °A | (°X") cua cluster MnS [10]. Tiép theo, day
Ada duoc gan cho qua trinh tach electron dé tao
thanh trang thai ‘B, (“IT) [10]. Cach giai thich nay
cho thiy trang thai co ban cta cluster MnS™ phai la
trang thai quintet. Tuy nhién, theo cac két qua tinh
toan cua chung toi, trang thai co ban cua cluster
MnS™1a’A, (7Z+) chir khong phai la quintet. Chinh
diéu nay mang dén yéu ciu giai thich lai phd quang
electron cta cluster MnS~ dya vao nhiing két qua
tinh todn mai nhat.

Theo cac két qua tinh dugc & trén, trang thai
co bdn cua cluster MnS™1a’A | ("Z*) nén pho quang
electron cua cluster MnS~ du’orc giai thich bang cac
qua trinh taich mdt electron ra khoi trang thai septet
nay. Cu thé, diy pho X tuong tng véi budce chuyén
A, (Z,) — °A, (°T"), trong d6 mdt electron trong
orbltal 13a, bi tach ra. Gia tri ADE va VDE cua
budc chuyen nay tinh bang phuong phap NEVPT2
la 1,63 va 1,75 eV. Céc gia tri ADE va VDE nay
1a rat pht hop véi gia tri 1,77 va 2,03 eV thu dugc
tr pho quang electron. Day phd A duoc cho 1a
xudt phat tir bude chuyén A, (Z") — °B, (°IT) ma
trong d6 mot electron trong orbital 5b, bi tach ra
khoi trang thai 7AJ ("Z%) cua cluster anion. Gia tri
VDE tinh dugc bang phuong phap NEVPT2 cho
budc chuyén nay 1a 2,62 eV. Gia tri VDE nay rat
phtt hop véi vi tri cua day phd A (2,78 eV) trong
phd quang electron.

Céac buée tién dao dong hay do rong ctia mot
day pho trong phd quang electron 1a két qua cia
céc budce chuyén tir trang thai dao dong cia cluster
anion dén trang thai dao dong cua cluster trung
hoa dién. Khi c6 sy khac biét 16n vé cau trac hinh
hoc cua cluster anion va cluster trung hoa dién thi
s& c6 nhiéu bude tién dao dong va do d6 diy pho
cang rong. Tir Bang 1 ta c¢6 thé thiy rang do dai
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lién két Mn-S cua A, (T, °A, (°Z) va ‘B, (°IT)
tinh dugc theo phu:O'ng phap NEVPT2 lan luort la
2,169; 2,038 va 2,264 A. Chinh su khac biét vé do
dai lién két gitta A, (=) va °A, (°£°) (0,131 A)
va gilra 'A (72*) va °B, (°IT) (0,095 A) s& lam cho
budc chuyen ) — "A (THva’A (Z) —°
(°IT) ¢6 cac budc tién dao dong Trong do, blIO’c
chuyén dén %A, (°T") s€ co nhiéu budc tién dao
dong hon 1a buoc chuyen dén ‘B, (°IT). Dy dodn
nay giai thich duoc thyc té1aca2 day pho X va A
déu c6 bé rong rat 16n nhung bé rong cua diy phd
X 14 16n hon bé rong cta diy phd A.

Céc budc tién dao dong c6 thé duge mo phong
dinh lugng thong qua viéc tinh cac hé sé Franck-
Condon:

FCF = <\P:/ib (R) | lP::ib (R)>2 (3)

voi P, (R) va W, (R) tuong tmg 1a ham séng
cua trang thai dao dong cua cluster anion va cluster
trung hoa dién, FCF 1a hé s6 Franck-Condon. Céc
ham song dao dong nay duogc xac dinh bang cach
phan tich duong cong thé ning cua cluster MnS ™
theo mé hinh dao dong tir didu hoa. Két qua mo
phong nhu trinh bay & Hinh 2b va 2c cho thay ca 2
budc chuyen A (Z) = A (T valA () —
‘B, (61'[) déu c6 cac budc tlen dao dong. Trong do
bu:oc tién dao dong ciia budc chuyen dén °A (6Z+)
12 manh liét hon budc chuyén dén °B, (6H) Piéu
nay da dugc dy dodn va g1a1 thich ¢ phan trén cua
bai bao nay. Hon nira, tan sb dao dong diéu hoa tinh
bang phuong phap NEVPT2 cho budc chuyén dén
A, (°T%) va °B, (Il lan lugt 1a 461 va 352 cm™!
(xem Bang 1). Su 16n hon vé tan s6 dao dong cua
trang thai °A, (°Z") so véi cla trang thai ‘B, (°IT)
cung la nguyen nhan lam cho chiéu rong cua day
phd X 16n hon day phd A. Nhin chung, nhiing két
qua mo phong dugc ¢ day la hoan toan phu hop
v6i phd quang electron cua cluster MnS™.

4. Két luan

Cau tric electron cta cluster MnS™ da
duogc nghién ciru bang phuong phap CASSCF va
NEVPT2. Két qua tinh cho thiy trang thai electron
co ban cua cluster MnS~ va MnS lan luot 1a A,
(Z) va °A (°X). Phé quang electron cua cluster
MnS~ du’o‘c giai thich bang cac qua trinh tach mot
electron ra khoi trang thai ’A| ("Z*) cia MnS™. Cu
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thé, ddy phd X véi gia tri ADE 1a 1,77 eV duoc
cho 14 bit ngudn tir budc chuyén dén trang thai
co ban °A  (°") ctia cluster MnS. Tiép theo, diy
pho A véi gia tri VDE 14 2,78 eV duoc du doan
12 két qua ciia budc chuyén dén trang thai kich
thich °B, (°IT) cua cluster MnS. Céac gia tri ADE

va VDE tinh duogc tur phuong phéap NEVPT2 cho
2 budc chuyén nay cting rat phit hop véi cac gid tri
thu duogc tir phd quang electron. Ngoai ra, cac két
qua mo phong hé s6 Franck-Condon cho hai budc
chuyén trén ciing giai thich duogc do rong cua diy
pho X va day phd A./.
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ASSIGNMENT OF PHOTOELECTRON SPECTRUM OF MnS™ CLUSTER
BY COMPUTATIONAL QUANTUM CHEMISTRY

Summary

The ground and excited electronic states of MnS™°

clusters were investigated using CASSCF and

NEVPT2 methods. The results show that the ground electronic state of MnS™ cluster is ’X* with 6 single
electrons distributed in the predominantly 3d and 4s of Mn molecular orbitals, while that of MnS cluster
is the °X*. The computational results are used to interpret the photoelectron spectrum of MnS™.
Keywords: MnS™ clusters, electronic structure, CASSCF/NEVPT2.
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