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Toém tat

Tinh chét céu truc cla cluster Mo X, (X = F, Cl, Br, 1) & 22 EM d& dwoc nghién clru bang phwong phap phiém
ham mat d6 & murc dd ly thuyét PBE/TZ2P, tinh dén anh huwéng twong quan trong sw gan dung ZORA va twong
tac spin-orbit, & dang ciu hinh spin singlet va triplet. K&t qua tinh toan cho thay cluster bromide 6n dinh & dang
dbi xirng C,, vaiodide 4n dinh & dang déi xtrng D,, ing voi céu hinh spin cao trong khi cluster Mo,Cl,, lai 4n dinh
& dang ddi xtrng C_ d6i vi cau hinh spin thap. Sw bién dang I&n trong 16i kim loai clia cluster flouride da duoc
chirng minh va cla cac cluster dwoc nghién clru gidm dan ti flouride dén iodide. Két qua tinh toan ndng luvong
ion héa th hai cua cac cluster [Mo X, ,J* (X = Cl, Br, I) cho thdy nang lwong ion héa th& hai cao hon nhiéu so
v&i ndng lwong ion hoéa thir nhat, diéu nay gay khoé khan 16n trong viéc oxy héa cac ion nay dé dat dwoc phan
ttr trung hoa.

Tir khéa: DFT: cluster; céu tric; déi xtng; ndng luong; ndng luong ion héa thir hai.

Abstract

The structural properties of the clusters Mo X,, (X = F, Cl, Br, ) at 22 EM were studied by the density functional
method at the theoretical level PBE/TZ2P, taking into account the the scalar relative effect in the ZORA
approximation and the spin-orbit coupling, in singlet and triplet spin configurations. The calculations showed that
the bromide cluster is stable in C, symmetry and the iodide cluster is stable in D,, symmetry corresponding to
the high spin configuration while the Mo,Cl,, cluster is stable in C_ symmetry for the low spin configuration. The
large distortion in the metallic core of the fluoride cluster has been demonstrated and that of the studied clusters
decreases from fluoride to iodide. The calculation results of the second ionization energy of the clusters [Mo X, >
(X =Cl, Br, 1) show that the second ionization energy is much higher than the first ionization energy, which causes
great difficulty in oxidizinggreat these ions to obtain neutral molecules.

Keywords: DFT:; cluster; structure; symmetry; second ionization potential.

1. DAT VAN BE

Céc cluster bat dién ctia molypden & dang (X = F, ClI,
Br, | va L la cac phdi t&r vé co hodc hiru co) gan day
da dwoc nghién clru cho cac trng dung mai trong pin
nang lwgng mat troi [1], xdc tac quang [2] va trong
céc thiét bj chiéu sang gia dinh [3]. Cac phirc chét cla
nhirng cluster nay cé6 moét I16i kim loai & 24 electron
kim loai (EM) va thé hién dic tinh phat quang d&c

Nguwdi phan bién: 1. PGS.TS. Nguyén Ngoc Ha
2. TS. Hoang Thi Hoa

trung b&i sw phéat xa trong vung dd va ving gan hong
ngoai. Nhitng hop chét ctia molypden cé chira anion
da duoc biét dén nhiéu va dwoc nghién ciru rong rai
d&c biét 1a hop chét dwa trén nhirng cong trinh nghién
ctu da chirng minh réng nhirng phtrc chat nay bi oxy
hoéa khéng thuan nghich theo tirng buwéc 1 electron khi
X = Cl, Br va bi oxy héa thuan nghich khi X =1 [4]. Cac
cluster oxy héa thé hién mot sb tinh chat Iy héa va
tinh chat quang hoc khac so véi 24 EM. Céac cluster
nay thwdng duoc goi la kho chira electron vi sé lwong
electron clia ching c6 thé thay dbi tv 20 EM dén
24 EM. Béi v6i nhitng hop chéat c6 tng dung tiém
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nang, diéu quan trong 1a phai xac dinh dd &n dinh oxy
héa khir clia cac cluster nay. Diéu nay cé thé duoc
nghién ctu bang cac phép tinh toan lwong tir. Dé hiéu
rd hon vé clu trdc va tinh chat oxy héa khir clia cac
cluster bat dién c6 cong thirc chung (X= F, CI, Br, I;
n=-2,-1,0, 1, 2), nhom tac gid da nghién ctu tinh
chét cAu tric ng v&i n = -2 va n = -1, ndng lwong ion
hoéa thir nhat cla céc cluster nhdm gidi thich cac két
qua thue nghiém va dinh hwéng nghién ciru. D& phan
tich cAu truc dién t&r, sy bién dang lién két trong nhirng
cluster (rng v&i n = 0 va chon ra dang dbi xirng bén
nhét gitp giai thich cac dang tén tai thwc nghiém ching
t6i da thwe hién nhirng tinh toan bang phan mém ADF
(Amsterdam Density Functional) v&i sw gidm dbi xirng
tlr dang déi xtrng nhom diém cao nhét O, dén dang
doi xteng nhoém diém thap nhat C,. Chang t6i tap trung
vao tinh chét cu tric va oxy héa khir clia cac cluster
riéng biét.

2. PHWONG PHAP TiNH

Nhirng tinh toan Iwong t& phan ti¢r dwoc thwe hién
béng phan mém ADF [4]. Cé4c tinh toan dwa trén mot
toan t&r Hamilton twong quan tuyén tinh trong sy gan
ding ZORA [5] véi viéc tinh toan dén twong tac spin-
orbit (ky hiéu RS + SO) duwoc thwe hién. Phiém ham
mat do twong quan trao dé6i GGA (PBE) dwoc st dung
[6]. Viéc t6i wu hoéa hinh hoc dwoc thwc hién theo
phwong phap dwoc phat trién béi Broyden-Fletcher-
Goldfarb-Shanno (BFGS). Mot co sé triplet- clia cac
ham Slater v&i cac ham lwdng cwe dwoe st dung cho
cac nguyén tir trong cluster (TZ2P). Cac orbital nguyén
tr tr 1s dén 4p ctia Mo va |, tr 1s dén 2s ctia Cl, tr 1s
dén 3p cta Br dwoc xt ly trong sw gan ding “I6i dong
crng” (frozen core). Nhirng tinh toan nay dwoc thuc
hién trén cac hé phan ti& khéng han ché tinh déi xing.

3. KET QUA VA THAO LUAN

3.1. Tinh chét ciu tric cua cac cluster [Mo.X,,]
X =F, Cl, Br, I)

Chung t6i da thwe hién cac tinh toan phan t trén céac
cluster bat dién trung hoa [Mo,X,,] (X =F, Cl, Br, I) &
22 EM. Bé hiéu rd hon vé cau tric dién t&r twong trng
véi sb electron nay, trwdc tién chang t6i da thuwc hién
céac phép tinh trén hop chat trung hoa [Mo,Cl,,] khi xem
xét cac trang thai spin khac nhau: Trang thai singlet
(v&i tdng spin S = 0) va trang thai triplet (v&i tbng spin
S =1). Viéc tbi wu héa hinh hoc dwoc thwe hién trong
cac nhom diém doi xtng khac nhau O,, D,,, D,,, C,,
C,,C,,C vaC,.

3v 2v

D& Iwa chon cAu tric bén virng nhét ching t6i da thuc
hién t6i wu héa tivng dang déi xirng va lwa chon dang
¢6 nang lvong téi wu héa nhé nhéat.

Két qua nghién cu tinh chét ciu trdc cla cluster
[MoX,,] (X =F, CI, Br, I) & 23 EM cho thay viéc tinh

NGANH HOA HOC - THUC PHAM

dén anh hwéng twong quan trong sw gan dung ZORA
va twong tac spin-orbit it anh hwéng t&i ciu truc
hinh hoc trung binh cta cac cluster nghién ctu [7].
Tuy nhién, twong tac nay lai cé y nghia trong viéc tinh
nang lwong ion hoa thir nhét cta cac cluster [Mo X, J*
(X =F, Cl, Br, 1) [8]. Chinh vi vay ma trong bai bao nay
ching téi da nghién ctu tinh chat clu tric cta cac
cluster hoa [Mo,X,] (X = F, CI, Br, 1) & 22 EM trong
sw gan dung ZORA va tinh dén twong tac spin-orbit
(RS + SO).

3.1.1. Cluster Mo/ClI,,

Trwéc tién chung t6i tdi wu héa clu truc cua cluster
Mo.Cl,, & 22 EM trong 2 trang thai spin khac nhau:
Singplet va triplet, két qua nang lvong téi wu hda trong
Bang 1 cho thédy dang déi xting C_ dbi voi cau hinh
spin thdp (S = 0) ¢6 nang lwong thap nhat (-109,078
eV) va dang déi xieng C,, (Hinh 1) d6i v&i cau hinh spin
cao (S = 1) ¢ ndng lwong thap nhat (-108,996 eV) la
bén virng nhat. Khoang cach ctia cac dang dbi xirng
dwoc ti wu hoa thé hién trong Bang 2 va 3.

Bang 1. Nang lwong t6i wu hoa cia cluster [Mo,Cl, ]
& céc dang dbi xirng khac nhau tng véi trang théi spin
singlet (S = 0) va triplet (S=1)

Doi xirng E(eV, S =0) E(eV, S =1)

0, -108,987 -108,958
3 -108,993 -108,989

D, -109,015 -108,987

C -109,054 -108.946
4v

C -109,046 -108,968
3v

C -109,065 -108,996
2v

C, -109,078 -108,985

C, -109,068 -108,976

Hinh 1. C4u tric cda cluster dwoc téi wu héa
& dang dbi xing nhom diém C,,
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Bang 2. Khodng céch téi wu cda cluster [MoCl, ] dang déi xirng C,. 6 22 EM, trang thai singlet (S = 0)

Mo-Mo (A)
Mo1-Mo3 2,711 (x2)
Mo1-Mo5 2,752 (x2)
Mo1-Mo4 2,716 (x2)
Mo2-Mo3 2,594 (x2)
Mo2-Mo4 2,593 (x2)
Mo1-Mo6 2,551
Mo2-Mo6 2,628
Mo-CI? (A)

Mo1-Cl7 2,356 (x2)
Mo2-CI8 2,361 (x2)
Mo3-CI9 2,357
Mo4-CI10 2,359

Mo-CI (A)
Mo1-Cl13 | 2,491 (x2)
Mo5-CI13 | 2,454 (x2)
Mo2-Cl14 | 2,534 (x2)
Mo3-Cl14 | 2,513 (x2)
Mo5-Cl14 | 2,465 (x2)
Mo2-CI18 | 2,474 (x2)
Mo2-Cl15 | 2,537 (x2)
Mo4-Cl15 | 2,467 (x2)
Mo5-Cl15 | 2,514 (x2)
Mo1-Cl16 | 2,492 (x2)
Mo2-CH9 | 2,475 (x2)
Mo6-C19 | 2,477
Mo1-Cl20 | 2,467

Bang 3. Khodng céch tbi wu cua cluster [MoCl, ] dang dbi xtng C, & 22 EM, trang thai triplet (S = 1).
Sé thir tw clia céc nguyén tir twong (ng véi Hinh 1

Mo-Mo (A) Mo-CI' (A) Mo-CI2(A)
Mo1-Mo3 | 2,676 (x4) | Mo1-C113 | 2,471 (x4) | Mol1-CI7 | 2,363 (x2)
Mo1-Mo5 | 2,738 (x2) | Mo3-C13 | 2,523 (x4) | Mo2-CI8 | 2,362 (x2)
Mo1-Mo6 | 2,637 (x2) | Mo5-C113 | 2,499 (x4) | Mo3-CI9 2,364
Mo4-Mo5 | 2,631 (x2) | Mo2-Cl14 2,466 (x4) Mo4-CI10 2,359
Mo3-Mo6 | 2,593 (x2) | Mo3-Cl14 2,483 (x4)

Mo5-Cl14 2,516 (x4)

T Bang 2 va Bang 3 cho théy cluster [Mo,Cl,,] & trang
thai triplet c6 16i kim loai it bi bién dang hon so v&i
cluster dwoc t6i wu héa & trang thai singlet: khoang
cach Mo-Mo trung binh bng 2,66 A bat k& ciu hinh
t tinh nao, nhuwng d6 chénh léch vé khoang céach
trong cluster spin thap Ién hon (0,201 A) so véi do
chénh Iéch khodng cach dwgc do trong cluster spin
cao (0,145 A). Sy bién dang I&n hon cta cac dang
cau hinh spin thap ciing cé thé quan sat dwoc trén
khodng cach Mo-Cl.. Sy bién dbi v& mét cau trac phu
hop v&i dic diém cla cac orbital khéng bi chiém so
véi cac cluster & 23 va 24 EM. HOMO va LUMO cua 2
dang hinh hoc dwoc tdi wu héa trong cac ciu hinh spin
khac nhau dwoc thé hién trong Hinh 2. Déi véi trang
thai don, HOMO la mét orbital déi xirng a” thé hién
tinh chét lien két Mo-Mo yéu va tinh chat phan lién két
Mo-Cl yéu trong khi LUMO |a mét orbital déi xirng a’
thé hién tinh chét lién két Mo-Mo va tinh chat phan lién
két Mo-CIe. Déi véi trang thai triplet, HOMO 1a orbital
déi xing b, thé hién tinh lién két Mo-Mo yéu va tinh
phan lién két Mo-Cle trong khi LUMO 1a mét orbital déi
xirng b, thé hién tinh lién két Mo-Mo va tinh phan lién
két Mo-CI? rd rét.

LUMO 43b,

HOMO 43b,

Hinh 2. Biéu dién cac MO cua cluster Mo,Cl,, duoc

toi wu héa & 22 EM trong trang thai singlet (a va b)

va triplet (c va d). Nguyén tir molypden va clo dwoc
thé hién I&n lwot bdng mau cam va xanh l& cay

3.1.2. Cluster [Mo X, ] (X = Br, )

Trong bwéc thir hai, chung t6i da t6i wu héa céu tric
hinh hoc clia cac cluster khac, dang [Mo X,,] (X =Br, 1) &
22 EM di tir d6i xtrng O, dén C, khi xem xét dén trang
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thai spin singlet va triplet. Két qua téi wu hdéa cau truc
clia cac cluster cd nang lwgng thdp dwoc téng hop
trong Bang 4 cho cac cluster bromide (dbi xirng C,,)va
iodide (dbi xtrng D,.). Gia tri trung binh cla cac théng
sb cAu tric chinh dwoc trinh bay trong Bang 5. biéu
tha vi la cluster chloride 6n dinh hon & trang thai ciu
hinh spin thap trong khi cluster bromide va iodide &
22 EM 6n dinh hon & cAu hinh spin cao. Xét cac gian

NGANH HOA HOC - THUC PHAM

dd MO duoec trinh bay trong Hinh 3, diéu nay cé thé
duoc gidi thich bang sy chénh léch nang lwong nhé
hon gitka HOMO va LUMO cua cac cluster & trang thai
clu hinh spin singlet v&i cluster iodide (0,053 eV) va
bromide (0,184 eV) so v&i cac cluster chloride (0,283
eV). Do do, viéc dwa mot trong 2 electron clia MO bij
chiém vi tri cao nhét Ién trang thai nang lwong cao hon
tré nén kha thi déi v&i cac cluster bromide va iodide.

Bang 4. Khodng cach toi wu cta cluster [MoBr, ] d6i xing C,, va [Mo,l, ] dbi xing D,, & trang théi triplet

Mo-Mo (A) Mo-Br' (A) Mo-Br? (A)
Mo1-Mo3 2,761 (x2) | Mo1-Br13 | 2,624 (x4) | Mo1-Br7 | 2,536 (x4)
Mo1-Mo5 2,671 (x2) | Mo5-Br13 | 2,652 (x4) | Mo2-Br8 2,533
Mo1-Mo6 2,698 (x4) | Mo2-Br14 | 2,605 (x4) | Mo3-Br9 2,540
Mo1-Mo4 2,628 (x2) | Mo3-Br14 2,599 (x4)

Mo2-Mo3 2,651 (x2) | Mo5-Br14 | 2,621 (x4)

Mo2-Br18 | 2,642 (x4)
Mo-Mo (A) Mo-I' (A) Mo-I= (A)
Mo1-Mo3 2,738 (x4) | Mo1-113 2,805 (x8) Mo1-17 | 2,792 (x4)
Mo1-Mo5 2,693 (x8) | Mo5-113 2,793 (x16) | Mo3-19 | 2,793 (x2)

Bang 5. Khoéng céach trung binh ctia céc cluster duoc téi wu hda [Mo X, ] (X =CI, Br, I)

Halogen X=ClI X =Br X=1
Dang déi xtng C.(S=0) | C,(S=1) | D, (S=1)
Mo-Mo (A) 2,66 2,68 2,71
Mo-X' (A) 2,49 2,62 2,80
Mo-Xa (A) 2,36 2,54 2,79
(sw thay déi 1a 0,133 A); Sy thay dbi nay thap dbi véi
== lien két Mo-Bri (0,053 A) va Mo-Bre (0,007A). Sy bién
= ; dang cla 16i kim loai (rng v&i cluster [M96I14] tham chi
o] = — con it hon véi pham vi khoang cach bi bién dbi: Mo-Mo
] la 0,045 A va Mo-1'1a 0,012 A; khoang cach Mo-I° hau
nhw khong thay déi. Nhw vay, dbi véi cluster bromide
|, va iodide 16i kim loai it bj bién dang hon chloride va kha
1 e n&ng bién dang giam dan tir chloride dén iodide.
o i
= 3.1.2. Cluster [Mo F ]
; Trwong hop cluster Mo F,, 1a duy nhét co sw khac biét
] — so vé&i 3 cluster halide trén. Bang cach ap dat doi xirng

Hinh 3. Gidn d6 DFT MO cua céc cluster ndng luong
thap nhat (X = Cl, Br, I) trong céu hinh spin thap

Khéng giéng nhw cluster chloride, cluster bromide va
iodide c6 16i kim loai it bi bién dang hon, diéu nay nam
trong dw doan do cAu hinh spin cao ctia ching dan
dén sy twong tac gitra cac dién t& yéu hon, lam cho
I6i kim loai it bi bién dang hon. That vay, Bang 4 cho
thdy cluster [Mo_Br,,] & trang thai triplet thé hién 16i
kim loai bj bién dang v&i lién két Mo-Mo: Khodng cach
ngan nhat la 2,628 A, khodng cach dai nhat 14 2,761 A

bat dién O,, qua trinh t&i wu hoa hinh hoc dan dén cac
lién két Mo-Mo cla cluster nay dai hon céc lién két Mo-
Mo & 23 va 24 EM, diéu nay phu hop véi viéc khéng
bi chiém ctia MO c6 dic tinh lién két Mo-Mo. L&i kim
loai khéng bi bién dang, do dai lién két Mo- Mo la 2,56
A (Hinh 4a). Mat khac, khi rang budc dbi xirng hoan
toan dworc loai bd, khdi bat dién kim loai v&i mdi mat
dwoc pht béng halogen sé& phat trién manh mé. Khi
bat dién kim loai bi bién dang rat I&n (Hinh 4b): Mét
trong nhirng khoang cach Mo-Mo Ién nhat 1a 3,24 A,
nhoé nhét & 2,43 A vé&i sy chénh léch 1a 0,81 A. Hoan
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toan khac so v&i 16i kim loai clia dang doi xing O,.
Ciing quan sat trén Hinh 4 chung ta thay mét s6 canh
ctia no bi che khuét, gay bét loi cho cac mat cha no.
C4u trac 16i kim loai & dang ddi xtng C_ bién dbi hoan
toan so v&i dang dbi xing O, . Két qué nay chirng minh
tinh khéng 6n dinh cda cluster nay khi sé lwong EM
trong cAu tric gidm. Diéu thu vi, cha y rang kién trac
bat dién c6 canh bj gi¢i han cla cluster Mo X', X2, bén
viing hon. Mac du cac halide loai Mo X' X3, rat phd
bién, nhwng chi c6 moét cluster flouride nhw vay dwoc
chrng minh vé&i sw bién dang ctia nhan kim loai trong
hop chéat Nb,F.., noi 16i bat dién dwgc tao thanh tlr cac
nguyén t& niobium va cac phéi t&¢ dinh dwoc chia sé
gira cac cluster l1an can [9].

Hinh 4. Céu truc téi uu va khodng céch duoc chira
cua cluster [Mo,F,,] & 22 EM a) trong nhom dbi ximng
O,, b) trong nhém doi xing C_ 6n dinh nhat & trang
thai singlet (S = 0)

3.2. Nang lwegng ion héa thtr 2 caa cac [Mo X, >
(X=F, Cl,Br)

Xét vé két qua thu dwoc dbi voi cac cluster duwoc
fluoride, chi c6 nang lwong ion héa thir hai (PL,) ctia cac
cluster [Mo.X,,] (X = Cl, Br, I) dwgc tinh toan tir nang
lwgng cla céc cluster dwoc t6i wu hda & 23 EM [8] va
22 EM c6 nang lwong thap hon (Bang 6). Két qua tinh
toan dwoc thé hién & Hinh 5; Theo hiéu biét ctia ching
t6i, khéng co gia tri thwe nghiém nao cho thé ion hoa
tht hai nay. Bat k& loai halogen nao dwoc xem xét, cac
gia tri tinh toan cho P, déu cao hon nhiéu so Voi PI,
[8]; do d6 n6 gay ra khé khan Ion trong viéc oxy héa cac
ion nay dé dat dwoc phan ti trung hoa. Diéu nay c6 thé
giai thich tai sao cac cluster & 22 EM nay rat hiém khi
dwoc quan sat thdy. Diéu tha vi can lwu y & xu hwéng
ctia P, lién quan dén ban chat cta halogen ciing twong
tw nhw xu hwong cla Pl,: Halogen cang néng thi nang
lwgng ion héa duworc tinh toan cang thap.

Bang 6. Nang luong téi wu héa thdp hon cia céc
cluster [Mo X, ] (X =ClI, Br, ) & 23 EM va 22 EM

5.2
5.0
4.8
4.6
4.4
4.2
4.0
3.8

PL(eV)

Cl Br I
4.995 4.735 4.282

‘—G—SR +50

Hinh 5. Nang lwong ion héa thiy hai cda cluster
[Mo X, ] (X = CI, Br, I) (tinh toan RS+ SO)

4. KET LUAN

Tinh chét cAu tric cla cac cluster Mo X,, (X = F, Cl,
Br, 1) & 22 EM d& dwoc nghién clru bdng phwong phap
phiém ham mat d9, tinh dén anh hwéng twong quan
trong sw gan dung ZORA va twong tac spin-orbit, & 2
dang c4u hinh spin singlet va triplet. Phiém ham twong
quan trao déi PBE dwoc st dung trong khi xem xét
cac dang dbi xtrng nhom diém khac nhau: O,, D,
D,, C,, C,, C,, C, va C,. Két qua tinh toan cho thay
cluster bromide 6n dinh & dang dbi xtng C,, va iodide
6n dinh & dang ddi xtrng D, irng v&i cau hinh spin
cao trong khi cluster Mo,Cl,, lai 6n dinh & dang doi
xtng C_ d6i v&i céu hinh spin thap. Sy bién dang I&n
trong 16i kim loai cla cluster flouride da dwgc ching
minh va sy bién dang nay cua céc cluster dwgc nghién
ctu gidm dan tw flouride dén iodide. Két qua tinh toan
néang lwgng ion hoa thi hai cta cac cluster [Mo X, >
(X = Cl, Br, 1) cho thay gia tri tinh toan Pl, cao hon
nhidu so voi Pl, do do6 no6 gay ra kho khan Ién trong
viéc oxy hoéa céac ion nay dé dat dwoc phan tl trung
hoa. Diéu d6 chirng td rang cac phan t& trung hoa &
dang Mo.X,, khéng thé ton tai & diéu kién thuong.
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