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Xac dinh do tir hoa va cau trac dién tir cua
cau trac FesO trong MOF MIL-100(Fe)

Nguyén Minh Thu, Ha Phuong Thao, Phan Bach Thing, Lé Minh Hung

Tém tit—Trong bai bio nay, ching tdi nghién ciru
trang thai spin ciia cluster FesO dwgc cit ra tir MOF
MIL-100(Fe), véi cac truong hop mdi nguyén tir Sit
lin lrgt ¢6 1 electron, 3 electron va 5 electron ddc
than. Téng ning lweng ciia mdi ciu tric voi trang
thai spin khic nhau s&é dwgc tinh toin bing cic
phuong phap khiac nhau la PBE, B3LYP, HF va
MP2 két hgp véi cac bd co sé 6-31G, 6-31G*, 6-
311G(d,p) cho cac nguyén tir phi kim va dbi véi
nguyén tir Sit 12 cac by co s¢ SDD va LanL2DZ.
Nhiing két qua cho ra tir cic phwong phap B3LYP,
MP2 va HF déu dw doan ring ciu triic c6 5 electron
doc than trong mdi nguyén tir Sit 12 ciu tric bén
nhit. Tuy nhién, cic két qua dwoc tinh ra bing
phwong phap PBE lai cho ra hai xu hwéng két qua
khac nhau. Trong trudng hop diu tién thi phuong
phap PBE du doan ring ciu tric c6 1 electron doc
thin trong mdi nguyén tir Sit sé 1a ciu triic bén
nhét. Véi truomg hop con lai thi cac két qua dy doan
ring ciu tric cé 5 electron ddc thin trong mdi
nguyén tir Sit sé 13 cAu tric bén viing nhit. Cudi
cing, dwa vao nhitng két qua trén thi chiing tdi két
lun ring cluster FesO véi 5 electron dgc than trong
mdi nguyén tir Sit 1a cAu tric bén virng nhat.

Tir khéa—MOF MIL-100(Fe), trang thai spin,
cAu tric dién tir.

1 GIOI THIEU

Vit liéu hitu co khung kim loai (MOFs) dugc
gidi thidu 1in dau vao nam 2004 v&i nhiéu Gng
dung tiém nang nhu chtra khi, van chuyén thude,
xuc tac...[1-4]. Vat liéu nay bao gdm cic cum
phan tir két ndi v6i nhau boi cac lién két phan tir
hitu co va tao thanh cac mang khong gian. Nho
nhiing dic trung trong cAu tao ma vat liéu MOFs
¢6 nhitng tinh chét rat khac so voi nhitng chat cau
tao. Nho nhiing dac tinh d6 ma véat ligu MOFs
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dugc tmg dung vao viéc chira khi, van chuyén
thude, xc tac. ..

Trong bai béo nay, cluster FesO s& dugc dung
lam khung trong vat liéu MOFs. Vit liéu nay lan
dau tién duoc gi6i thiéu cia nhom tac gia
Horcajada cting cong sy vao nam 2007. Ciu tric
nay lam dya trén MOFs MIL-100(Fe)[5]. Du da
dugc ché tao thanh cong trén thyc nghiém nhung
chiing ta van chua xac dinh duoc bac spin clia cac
nguyén ti Sit. Vi vay, chung t6i dat muc tiéu xac
dinh béc spin va do tir hoa ciia cac nguyén tir St
trong cluster & bai bao nay.

Pé don gian hoéa tinh toan, tim Sét trong vat
lidu MOF s& duoc cit ra va bo di cac lién két hiru
co. Céu triic cua cum phén tir ndy c6 ba phén tir
Sét nam xung quanh va lién két voi mot nguyén tir
O nam giita 1am tdm cia cum phan tir. Trong ba
nguyén tir Sat thi ¢6 mot nguyén tir Sat lién két
véi mot nhom OH dé bao toan héa tri. Vi hai
nguyén tir Sit con lai, mdi nguyén tir lién két voi
4 nguyén tir O va ctr hai nguyén tir O lién két véi
mot cau ndi C-CHs tao thanh mot mang ludi voi 6
nhom acetate. Ciu truc nay duoc minh hoa qua
Hinh 1 véi cac hinh tron mau xanh duong tugng
trung cho cac nguyén tr Fe, mau do la nguyén tu
O, mau xam la nguyén tr C va mau tring 1a
nguyén tir H.

Hinh 1. C4u trac cum phén ti trong tinh toan
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2 PHUONG PHAP

Cac mo hinh cum phan tir s€ dugc xay dung va
tinh toan bang phan mém Gaussian16 [6] va minh
hoa bang Gaussview06 [7]. Céc ciu truc phén tir
s& duoc tinh toan bang phuong phap phiém ham
mat do (density functional theory, DFT) [8, 9] bao
gdm phiém ham Perdew-Burke-Ernzerhof (PBE),
[10] Becke 3-parameter Lee-Yang-Parr (B3LYP),
[11-13] phuong phép 1y thuyét nhiéu loan Moller-
Plesset bac 2 (MP2) [14-18] va phuong phap
Hartree-Fock (HF) [19-21]. Céac bd co s& trong
tinh toan bao gém 6-31G, 6-31G*, [22-26] 6-
311G(d,p) [27-31] cung v&i bd co s& cho nguyén
tir Fe 1a SDD [32-34] va LanL2DZ [35-37]. IOp
dugc dat voi tuy chinh 1a 5/7=200 véi y nghia la
cho phép vong lap t6i da 200 1an trong truong ty
hop (self-consistent field) va 6/7=1 cho viéc xuét
ra 5 orbital 4o trong két qua tinh toan. Phan tinh
toan toi wu cdu hinh cum phan tir s& duoc ding
voi diéu kién murc nang lugng hoi tu cua cin )
bac 2 cua trung binh binh phuong luc 1a 3.10
Céac murc nang lugng duoc tinh toan ra déu la &
dudi dang don vi 1a Hartree va khoang cach giira
cach nguyén tr dugc trinh bay dudi don vi
Angstrom.

O budc dau tién, ba loai cum phén tu s& dugc
tao ra, bao gém c6 cum phan tir c¢6 bac spin 1a 4,
10, 16. V&i 3 nguyén tir Fe trong mdi cum phan
tir, diéu nay dong nghia véi bac spin cia mdi
nguyén tir Fe s& 1an luot tuong (mg véi spin béc 2,
4, va 6 (dugc mo ta 6 Hinh 2). Trong d06, spin la
momen xung lugng riéng cta hat, d§ 16n cia spin
dugc dic trung boi sé luong tir spin. Trong mot
nguyén tir Fe, hai loai electron 1a o va B khi bét
cdp v6i nhau cho spin tong cudi cung bang 1.
Phan mém Gaussian qui udc viée st dung bac cua
spin (2S+1). Khi cac electron bat cip, spin tong
bang 1 nén chung s& khong dong gop vao dai
lwong nay. Vay nén s bac spin s& tuong tng véi
s6 electron doc than. Qua do, cAu hinh eletron
trong mdi Fe trong ciu tric s& dugc sip xép tiy
thudc vao spin témg cua hé, nhu minh hoa & Hinh
2 dudi day.
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A. Chu hinh electron nguyén tur Sét (IIT) spin bac 2

R

B. Céu hinh electron nguyén tir Sét (III) spin béc 4

It e et

C. Céu hinh electron nguyén tir Sét (IIT) spin béc 6

Hinh 2. Céu hinh electron cta cac nguyén tir Sit (III) tai phan
16p 3d°. V6i 3 nguyén tir Fe, hé ¢ thé ¢ 3, 9, hodc 15 electron
tu do, twong tmg v6i bac spin 1a 4, 10, hodc 16

Trong budc tiép theo, cac cum phéan tir s&
dugc tinh toan bang phuong phap DFT cing véi
tat ca cac bo co s¢ da duoc gidi thi€u phia trén.
Sau d6, nhitng két qua duogc tinh ra s& dugc so
sanh véi nhau va chon ra nhitng cdu hinh c6 mirc
nang luong dugc tinh ra thap nhat dé tiép tuc tinh
toan v6i phuong phap MP2 va HF. Cudi cing,
chung t6i s& so sanh murc ning lwong v6i nhau dé
tir d6 tim ra dwoc cau hinh bén virng nhat.

3 KET QUA VA THAO LUAN
Tinh toan cAu tric theo phwong phiap DFT

Trong budc ndy, cdu triac dugc tinh bang
phuong phap B3LYP. Cac muc nang luong cua
chu trac sau khi tinh toan dwoc trinh bay dudi
Bang 1. Nhin chung cac muc nang luong giira cac
cAu tric khong chénh léch nhau nhiéu, c6 thé thiy
dugc rang cac cdu trac co mirc ning lugng giam
dan theo cau tric c6 sd bac spin ting dan va véi
bac spin 16 c¢6 mirc ning lwong thdp nhat. Tuy
nhién mirc chénh 1éch rat thip vao khoang 0.013
cho dén 0.072 Hartree. Ddi v6i cung mdt bd co so
nhung khac b co sé cho nguyén tir Sét thi ¢6 thé
dé dang thay duoc rang muc ning luong tat ca cac
muc nang lugng tinh dugc vdi bd co sd cho
nguyén tir Sat v6i gia thé SDD ludn thip hon bo
co s cho nguyén tir Sit véi gia thé LanL2DZ.
Bén canh d6, véi cung LanL2DZ nhung véi bd co
so ting dan 1an lwot 6-31G, 6-31G* va
6-311G(d,p) thi mirc ning luong ciing giam dan
va dat thip nhét tai cdu trac c6 spin bac 16 véi bo
co s& 6-311G(d,p)/LanL2DZ. Ngoai ra, dé xac
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minh lai xem béc spin ¢6 bi anh hudng trong ciu
tric dang ion hay khong, chiing t6i lap lai tinh
toan nay cho h¢ véi nhém OH" bi loai bd. Vi vay,
hé méi c6 dién tich 1a +1 va bac spin (4, 10, hodc
16). Két qua cho thay bac spin 16 tiép tuc c6 mirc
ning luong thap nhit. Két qua du doan ciing
tuong tu voi bd co s& cho nguyén tir Sit voi gia
thé SDD. Tuy nhién, mic ning luong tinh dugc &
bd co s& cho nguyén tir Sit nay déu thdp hon so
v6i hé ham LanL2DZ. Tir nhiing két qua trén ta
¢6 thé thiy rang voi phuong phép tinh B3LYP
nay thi cdu tric dat mic ning lugng thip nhat,
cling 1a cdu tric bén nhat trong cac céu tric duogc
tinh toan, 1a cu triic cé spin bac 16.

Bdng 1. Nang luong (Hartree) tinh theo phuong phap B3LYP

Chu triic 6-31G 6-31G* 6-311G(d,p)

LanL2DZ | LanL2DZ LanL2DZ
Spin béac 4 -1892.123 | -1892.517 -1892.970
Spinbac 10 | -1892.136 | -1892.519 -1892.978
Spinbéc 16 | -1892.188 | -1892.566 -1893.030

SDD SDD SDD

Spin béc 4 -1893.626 | -1894.016 -1894.462
Spin bac 10 | -1893.652 | -1894.035 -1894.484
Spinbéc 16 | -1893.730 | -1894.104 -1894.556

Bang 2. D6 dai lién két giita nguyén tir Sit va nhom OH

ctia két qua tinh ra dwoc tir phwong phap B3LYP

co so cho nguyén tir Sit LanL2DZ 14 cdu tric c6
spin bac 4 dugc tinh tai bd co s¢ 6-311G(d,p).

Dbi v6i xu hudng thir hai cia mirc ning luong
ding bo co s gia thé cho nguyén tir Sat SDD, két
qué cho kha giéng v6i phuong phap B3LYP trudc
d6 1a xu huéng murc ning luong giam dan lan luot
theo cau triic c6 spin bac 4, bac 10 va thdp nhit tai
bac 16. Cung voi do, mitc nang lugng cling giam
dan 1an luot theo céc b co sé 1a 6-31G, 6-31G*
va 6-311G(d,p), cung véi d6 1a mic nang lugng
cao nhat dugc tinh ra ciia bd co s¢ nay thip hon
Vv6i bo co s trude d6. Mot vi du co thé dé dang
thdy 1a mirc nang luong dugc tinh ra véi bo co s
6-31G*/SDD cho céu trac co spin bic 4 la
-1892.382 Hartree (Ia mirc niang lugng cao nhat
dugc tinh ra cho bd co so nay) thip hon so véi
cAu tric co spin bac 16 dugc tinh vdi bd co s&
6-31g (két qua thip nhét trong b co s& nay) la
-1892.063 Hartree. Qua d6, két qua thip nhét la
cAu tric cb spin bac 16 véi viéc dung bd co so
6-311G(d,p)/SDD.

C6 thé thdy rang v6i phuong phap PBE dua ra
dugc hai két qua xung dot voi nhau. O trudng hop
thtr nhét, tinh toan du doan cau tric co spin bac 4
la bén nhat va phén con lai du doan ciu trac co
spin bac 16 1a bén nhat. Tuy nhién, véi bd co s&
cho nguyén tir St SDD thi muc niang lugng tinh
toan dugc van thap hon muc ning lwong dung hé
ham LanL.2DZ tinh toan ra duoc.

Bang 3. Nang lugng (Hartree) dugc tinh theo phuwong phap

o 631G 631G* | 6-3L1G(dp)
Clutric 7201557 | Lanl2DZ | LanL2DZ
Spin bac 4 179 1776 1785

Spin bac 10 1794 1775 1818
Spin bac 16 1828 1824 1.831

SDD DD SDD
Spin bac 4 1811 1792 1799
Spin bac 10 1818 1790 1818
Spin bac 16 1825 1823 1828

Céc két qua dugc tinh ra tir phuong phap PBE
duogc trinh bay dudi Bang 3 lai c6 hai xu hudng
khac nhau.

Dbi vai cac chu tric ding bd co s gia thé cho
nguyén tir Sit 1 LanL2DZ cic cdu tric ¢6 xu
hudng tang dan lan luot theo ciu tric ¢ spin bac
4, 10 va bac 16. Xu hudéng muic nang lugng nay
déu xay ra trén cac bd co s& 6-31G, 6-31G* va 6-
311G(d,p) va cung véi do 1a viéc muc nang luong
giam lan lugt theo thir ty trén. Tir d6 co thé thdy
dugc rang mirc ning luong thap nhat ddi voi bo

PBE
) 6-31G 6-31G* 6-311G(d,p)
Cau tric

LanL2DZ LanL2DZ LanL2DZ
Spin bac 4 -1890.5382 -1890.900 -1891.344
Spin béc 10 -1890.538 -1890.893 -1891.342
Spin béc 16 -1890.5377 -1890.8845 -1891.338

SDD SDD SDD

Spin bac 4 -1892.025 -1892.382 -1892.819
Spin béc 10 -1892.040 -1892.391 -1892.831
Spin béc 16 -1892.063 -1892.406 -1892.849
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Bang 4. Do dai lién két gitra nguyén tir Sit va nhom OH ciia
két qua tinh ra dugc tir phuong phap PBE
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Bing 6. Do dai lién két gitra nguyén tir Sit va nhom OH ciia
két qua tinh ra dugc tir phuong phap HF

CAu triic 6-31G 6-31G* 6-311G(d,p)
LanL2DZ LanL2DZ LanL2DZ

Spin béc 4 1.811 1.793 1.803
Spin béc 10 1.818 1.797 1.809
Spin béc 16 1.851 1.838 1.847

SDD SDD SDD
Spin béc 4 1.806 1.795 1.802
Spin bac 10 1.814 1.802 1.808
Spin bac 16 1.846 1.838 1.846

Tinh to4n céu tric theo phwong phap HF va
MP2

Sau khi cac cu triic phan tir dugc tinh toan &
trén, cac két qua dugc tinh ra ¢6 muc ning luong
thap nhat 1a cau trac dugc tinh bang phuong phap
B3LYP cung bd co sé 6-311G(d,p) va SDD.
Chung duoc dung dé tiép tuc tinh toan véi hai
phuong phap HF va MP2 véi cung cac bd co so
trén.

Két qua tinh toan dugc tir phuong phap HF
duogc trinh bay ¢ Bang 5 va phuong phdp MP2
dugc trinh bay ¢ Bang 7 c¢6 thé dé dang nhan thay
dugc 1 gan nhu nhau. Tuy nhién, van c6 xuat
hién chénh 1éch nho & mot vai cdu trac tinh béng
cac by co s& va hé ham khac nhau nhung nhin
chung d6 chénh 1éch rat thap nén ta c6 thé bo qua
va nhan xét chung mot cach tong thé.

Biéng 5. Nang lugng (Hartree) tinh theo phuong phap HF

. 6-31G 6-31G* 6-311G(d,p)
Cau truc
LanL2DZ | LanL2DZ LanL2DZ

Spin béc 4 1.787 1.787 1.787
Spin béac 10 1.818 1.818 1.818
Spin bac 16 1.814 1.824 1.833

SDD SDD SDD
Spin béc 4 1.787 1.787 1.787
Spin béac 10 1.818 1.818 1.818
Spin bac 16 1.832 1.836 1.840

Bang 7. Céu hinh tinh theo phwong phap MP2

) 6-31G 6-31G* 6-311G(d,p)

Cau truc
LanL2DZ LanL2DZ LanL2DZ
Spin bac 4 -1880.875 -1881.488 -1881.909
Spin béac 10 -1881.087 -1881.658 -1882.107
Spin béc 16 -1881.403 -1882.003 -1882.404
SDD SDD SDD

Spin bac 4 -1882.413 -1883.066 -1883.369
Spin bac 10 -1882.596 -1883.157 -1883.547
Spin bac 16 -1882.952 -1883.516 -1883.916

Bing 8. Do dai lién két gira nguyén tir Sit va nhom OH ciia
két qua tinh ra dugc tir phwong phap MP2

. 6-31G 6-31G* 6-311G(d,p)
Cau trac
LanL2DZ | LanL2DZ LanL2Dz

Spin bac 4 1.787 1.787 1.787
Spin béac 10 1.818 1.818 1.818
Spin bac 16 1.814 1.815 1.829

SDD SDD SDD
Spin bac 4 1.787 1.787 1.787
Spin bac 10 1.818 1.818 1.818
Spin bac 16 1.832 1.822 1.823

< 6-31G 6-31G* 6-311G(d,p)

Cau truc

LanL2DZ LanL2DZ LanL2DZ
Spin béc 4 -1880.875 -1881.488 -1881.909
Spin béac 10 -1881.087 -1881.658 -1882.107
Spin bac 16 -1881.432 -1882.020 -1882.418

SDD SDD SDD

Spin béc 4 -1882.413 -1883.066 -1883.369
Spin béac 10 -1882.596 -1883.157 -1883.547
Spin bac 16 -1882.952 -1883.535 -1883.930

Céc céu trac duoc tinh véi ciing b co so chung
va bd co so gia thé cho nguyén tir Sit thi muc
nang luong s& giam dan theo ciu triic c6 bac spin
tang va dat mirc ning luong thap nhét tai cau trac
¢6 spin bac 16 twong tmg nhu cac két qua duoc
tinh trudc d6 voi phuong phéap B3LYP. Cac muc
nang lugng c6 xu huéng giam dan khi cac bo co
s6 tang 1én tir 6-31G, 6-31G* va 6-311G(d,p) véi
clng bd co sd cho nguyén tir Sat. Vi du, cu tric
c6 spin bac 4 thi v&i bd co s¢ 6-31G/LanL2DZ
véi mic nang luong la -1880.875 Hartree,
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6-31G*/LanL.2DZ v6i mic nang luong la -
1881.488 Hartree va 6-311G(d,p)/LanL2DZ la -
1881.909 Hartree. Thém vao d6, cdc chu truc
dung cung mot by co s¢ nhung khac nhau bd co
so gia thé cho nguyén tir St thi cac két qua déu
cho thiy mirc ning luong cia bo sé so SDD thap
hon by co s& LanL2DZ. Cac két qua cua hai
phuong phap nay déu cho ra kha gidng véi cac két
qua dugc tinh bang phuong phap B3LYP va két
qua cta phuong phap PBE véi bd co sd cho
nguyén tir St 1a SDD.

4 KET LUAN

Qua nhimng két qua tinh toan dugc bang bon
phuong phap khac nhau (B3LYP, PBE, HF, va
MP2) thi phuong phap PBE cho hai xu huéng du
doan khac nhau: v&i bo co s gia thé cho nguyén
tir Sat 14 LanL2DZ thi tinh toan du doan cu truc
¢6 spin bac 3 1a cdu triic bén nhit va kém bén nhét
1a cAu trac c¢6 spin bac 16. Con @i véi cac két qua
tinh toan dugc voi bd co sé gia thé SDD cho
nguyén tu Sét thi du doan nguoc lai la cAu tric c6
spin bac 16 1a bén nhit va ciu trac c6 spin bac 4
1a kém bén nhat.

Céc phuong phéap 1a B3LYP, HF va MP2 déu
cho ra nhitng duy doan gidng nhau vé két qua la
déu cho ra cac mirc ning luong giam dan lan luot
cAu trac c¢6 spin bac 4, bac 10 va thép nhéat tai bac
16. Bén canh do, cAu truc duoc tinh bé‘mg b co s
SDD luén ¢6 mirc ning luong thap hon bd co sé
LanL2DZ. Bén canh do6, du rang ¢ sy khac biét
trong két qua muc ning lwong dugc tinh giita cac
phuong phép nhung nhin chung d6 dai lién két
gilta nguyén tr Sat va nhém OH c6 xu hudng gia
tang tir spin bac 4 dén bac 16. Cac két qua duoc
trinh bay trong bang 2, 4, 6 va 8.

Véi nhimg két qua dat dugc tir nhitng phuong
phép tinh toan va cac b co s& khac nhau thi
chung t6i tin twdng vao cac phuong phap B3LYP,
HF va MP2 hon PBE khi cac két qua dua ra déu
nhat quéan véi nhau véi xu huong du doan c6 hé
thdng muc ning lugng tinh dugc tir cac cdu tric.
Tir d6 ching t6i dua ra két luan ring v6i cac cu
tric MOFs MIL-100 sir dung khung kim loai Sét
(IIT) thi spin bac 16 14 bén nhat trong cic su lya
chon.

Loi cam on: Chung téi cam on tai nguyén tinh
toan hiéu nang cao tai Trung tam Vat liéu Céu
triic Nano va Phan tir INOMAR) phuc vu cho tinh
todn trong dé tai nay. Ngodi ra, ching téi dwoc
tai tro kinh phi ttr NAFOSTED (103.01-2016.53).
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Abstract—In this paper, we investigate the spin
state of the FesO cluster from MIL-100(Fe), each Fe
site of which possesses either one unpaired electron,
three unpaired electrons, or five unpaired electrons.
Total energies with respect to different spin states
were optimized with the PBE, B3LYP, HF, and MP2
methods in combination with various basis sets (6-
31G, 6-31G*, 6-311G(d,p)) for non-metal ions and
pseudopotentials for Fe (SDD and LanL2DZ). The

results of B3LYP, MP2, and HF methods predicted
that each Fe site had five unpaired electrons in the
most stable spin state. However, the results of PBE
show two opposite cases. In one case, PBE predicted
each Fe had one unpaired electron, while in the
remaining PBE cases, each Fe site was predicted to
exhibit five unpaired electrons. We finally conclude
the FesO cluster with 15 unpaired electrons is the
most stable structure.
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