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ABSTRACT

Structures and electronic properties of gold cluster Auy (N = 2-20) are
investigated by density functional theory (DFT) using LC-BLYP
functional in conjunction with the consistent-correlation pseudo potential
cc-pVDZ-PP basis set. The structural evolution and some basic
thermodynamic parameters including the binding energy per atom, the
second-order difference of energy, and the one-step fragmentation energy
are determined and examined in details. Their electronic properties and
stability trend are elucidated in terms of the PSM model. The optical
spectra of Aug cluster are also investigated by means of TD-DFT
calculations.

TOM TAT

Cdu triic va tinh chdt dién tir ciia cluster vang Aun (N = 2-20) duoc
nghién ciru bdng Iy thuyét phiém ham mdt dé (DFT) sit dungphzém ham
LC-BLYP két hop vdi bo co so twong quan — phu hop gia thé cc- pVDZ-
PP. S phdt trién cdu triic va mét sé tham sé nhiét dong co ban bao gom
nang lwong nguyén tu hoa, chénh léch nang lwong bdc hai va nang liwrong
phdn manh mét budc dwoc khdo sat mét cach chi tiét. Cdc tinh chdt dién
tik va xu hwéng on dinh ciia cac cluster dwge lam sang té bang mé hinh
PSM. Phé hdp thu electron ciia cluster Aus ciing diroc mé phong bang
phuwong phap TD-DFT.

Trich din: Nguyén Thanh ST, Nguyén Khanh Ngoc va Pham Vi Nhat, 2020. Céu triic va tinh chat di¢n tir cua
cluster vang Aun (N = 2-20). Tap chi Khoa hoc Truong Pai hoc Can Tho. 56(S6 chuyén dé: Khoa

hoc tu nhién)(2): 10-17.
1 GIGI THIEU

Cluster kim loai 13 tap hop tir vai dén vai trim
nguyén tir. Hién nay, cluster vang dang thu hut sy
quan tdm cua nhiéu nhom nghién ctu vé hoa hoc,
vat 1y cling nhu vat liéu méi (Zanti and Peeters,
2013). Vang la mot trong nhiing kim loai chuyen
tiép c6 s6 phdi tri cao nhung ¢ dang nguyén khdi

10

kha tro vé mat hoa hoc so véi cac kim loai khac, nhu
Pd, Pt va Ag. Tuy nhién, khi giam xudng kich c&
nanometer (nm), vang thé hién nhimg dic tinh vo
cung doc dao. Cluster vang dugc xem nhu 1a nhiing
don vi co ban dé tao nén cac thiét bj va vat liéu ciu
trac nano mai (Wang et al., 2002), day tiém ning
g dung trong nhiéu linh vyc quan trong nhu cam
bién sinh hoa (Zengetal., 2011; Zhang et al., 2014),
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xuc tac (Xanthopoulou et al., 2015), y sinh (Bindhu
and Umadevi, 2014; Mathew and Pradeep, 2014),
tong hop hitu co (Pina et al., 2009; Yanging et al.,
2016), moi truong (Mathew and Pradeep, 2014), dan
truyén thudc (Ghosh et al., 2008), phan tich (Jin et
al., 2009), dién héa (Suprun et al., 2008; Q. Wang
etal., 2011), dién tir va vién thong (Novembre et al.,
2008).

Céu trac hinh hoc cua cluster Auy (N = 2-20) d
duoc nghién ciru bang tinh toan DFT bai Wang (J.
Wang et al., 2002). Nhin chung, chu trac cla cac
cluster Au nho ton tai ¢ dang phang (2D) dén N =6.
bac biét, cac cluster vang Chuyen tir céu triic phang
2D sang ciu trac hinh khéi 3D trong khoang N =
10—14 va chuyén hoan toan sang cau tric hinh khoi
3D tai N = 15. Hékkiene da nghien clru cac cluster
anion Aun~ (N = 4-14) bang phd quang electron
(Hakkinen et al., 2003). Két qua thay rang céc cAu
tric van ton tai dang 2D dén N = 12. Két qua nay
hoan toan phii hop Véi cong bd cia Furche (Furche
et al., 2002). Céu tric cia cac cluster anion vang
kich thudc Ion (N = 21-25) duoc xac dinh 1a c6 do
bén cao (Bulusu et al., 2007). Ngoai ra, nhiéu cau
trac phang hop nhét (fused-planar) va cau tric hinh
ong rong (hollow-tubular) da dugc tim thiy. Tai N
=24, céc céu trac hinh éng rdng chiém wu thé hon
S0 Vi dang thap.

Mat khac, do hiéu ting tuong ddi tinh manh két
hop véi su tham gia cua cac orbital d dan dén giam
khoang cach nang luong gitia orbital 5d—6s ciling
nhu céac lién két cong hoa tri dinh hudng truc tiép
trong céc cluster Au (Bulusu and Zeng, 2006). Két
qua 14, ddi véi cac cluster Auy (N < 20) c6 nhiéu cau
trac hinh hoc khac nhau, bao gom dang phang (2D),
dang khéi (3D) nhu 16ng phang hinh vo6 so (shell-
like flat cage), 1ong rong hinh cau (spherical-like
hollow cage) va dang kim tu thap. Bén canh do, doi
Véi céc cluster Au trung hoa, cac tinh toan ab initio
trugc day cho thay rang su chuyén doi cau tric tir
dang 2D sang dang 3D xay ra trong pham vi kich
thudc N = 8-10. Trong nghién ctu nay, cac phép
tinh DFT s& duoc sir dung dé xac dinh cdu tric va
d6 bén nhiét cua cluster Auy (N = 2-20). Bén canh
d6, mé hinh PSM (phenomenological shell model)
s& gitp giai thich dwgc tinh bén cua nhing cluster
duoc xac dinh trude do.

2 PHUONG PHAP TiNH TOAN

Céc phép tinh DFT duogc sir dung dé xac dinh
ciu tric va ning luong cua cac hé dwoc khao sat

bang goi chuong trinh Gaussian 09 (Frisch et al.,
2009). Phiém ham lai héa LC-BLYP két hgp vai bd
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co s6 twong quan — phu hop véi gia thé nang cc-
pVDZ-PP (Peterson, 2003) duoc sir dung dé t6i wu
hoéa hinh hoc va tinh toan nang lugng cho céc cluster
Auyn. Bén canh d6, tan sb dao dong didu hoa
(harmonic vibrational frequencies) cling dugc khao
sat nham xac dinh dang hinh hoc t6i wu twong tng
Véi cuc tiéu dia phuong (local minima) hay trang
thai chuyén tiép trén bé mat thé nang (potential
energy surface) va dé hiéu chinh cac gia tri nhiét
dong.

D6 bén cua cac cluster Auy (N = 2-20) duoc
danh gia thong qua cac tham s nhiét dong nhu ning
lugng nguyén tir héa (BE), chénh léch nang luong
bac hai (A%E), ning luong phdn méanh mot bude (Ex),
thé ion hoa (IP) va ai luc electron (EA). Cac tham sb
nay dugc xac dinh nhu sau:

BE = [NE(Au) — E(Auy)]/N

A’E = E(Auy41) — E(Auy_;) — 2E(Auy)
Ef = E(Auy_;) + E(Au) — E(Auy)

IP = E(Auf;) — E(Auy)

EA = E(Auy) — E(Auy)

trong d6 E(Aun) 1a ning lugng thap nhét cua
cluster Auy.

3 KET QUA VA THAO LUAN
3.1 CAu tric va dd bén cia cluster Aun

Cau triic ti wu ctia cac cluster Auy (N = 2 — 20)
tinh tai mtc 1y thuyét LC-BLYP/cc-pVDZ-PP dugc
thé hién trén cac Hinh 1 va 2. Nhin chung & trang
thai co ban, tat ca cac cluster Auy thé hién trang thai
spin thap. Bdi vai cluster c6 sb electron chan (N
chin), trang thai co ban 1a singlet va ddi véi cluster
c6 sb electron I (N 1¢) 1a doublet. G muc 1y thuyét
LC-BLYP/cc-pVDZ-PP, cluster Aus thu dugc co
dang tam giac (kiéu ddi ximng Cs) bén hon so véi
dang thang (Wang et al., 2002), diéu nay 1a do su
bién dang Jahn-Teller. Cluster Au; thu dugc trong
nghién ctru nay hoan toan phu hgp véi cong b thuc
nghiém da c6 (Gruene et al., 2008). Nhin chung, cac
cluster con lai kha phti hop véi cac cong bd trude do
(Zanti and Peeters, 2013; Nhat et al., 2017).

V& mit co ché phat trién ciu tric, cac cluster Auy
v6i N =2 — 10 c6 xu huéng tdn tai dudi dang phing
(2D); su dich chuyén tir cu trac 2D sang dang khdi
(3D) bét dau xay ra tai Auis. Di véi cluster Auig
(dang chép cut) va Auzp (dang tir dién) duge xdc
dinh 1a nhirng cau trac t6i wu dya trén cac tinh toan
DFT va phd hong ngoai xa (Gruene et al., 2008).
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2-1,%g, Do 3-1,2A, Cs 4-1, 'Ag, Dan
0,00 0,00 0,00

4
5-1, ?Ay, Coy 6-1, *A’, Dan
0,00 0,00
J
8-1, *Aug, Dan 9-1, °Ay, Cov 10-1, *Ag, D2n
0,00 0,00 0,00

Hinh 1: CAu tric t6i wu cia cluster Aun (N = 2—10)

11-1, 2A’, D3y 12-1, *A4, Coy 13-1, 2A, C; 13-11, 2A’, Cs
0,00 0,00 0,00 0,20

14-1, 1A, Cay 14-11, A4, Coy 15-1, 2A', Cs 15-11, 2By, Cyy
0,00 0,42 0,00 0,35

A
16-1, 1A', Cs 16-11, *Ay, Cay 17-1, %A, Cy 17-11, 2A, Cs
0,00 0,75 0,00 0,45
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18-1, A, Coy
0,00

18-11, A", Cs
0,11

19-1, %Ay, Cay
0,00

20-1, A, Tq
0,00

Hinh 2: CAu tric tdi wu cia cluster Aun (N = 13-20)

Do bén cua cac cluser Auy (N = 2—20) dugc danh
gia thong qua cic tham sd nhiét dong nhu ning
luong nguyén tua héa (BE), chénh 1éch nang lugng
bac hai (A’E) va ning lugng phan ménh mot budc
(Er). Su bién thién cua cic tham sd nhiét dong nay
theo kich thuée cluster duoc thé hién trén Hinh 3.
Nhin chung, nang lugng nguyén tir hoa (binding
energy per atom — BE) thay d6i manh theo kich
thudc cluster. Hinh 3 cho thiy gia tri BE co xu
huéng ting dan va dat cuc dai tai Auy (2,13 eV).
bac biét, gia tri BE cua cluster Aus (1,70 eV) va Aug
(1,79 eV) cao hon nhiéu so véi nhiing cluster lan
can.

Chénh 1éch nang lugng bac hai (second-order
difference of energy — A%E) la su khac biét ning
lugng gitra hai qua trinh phan ly Aun+ — Auy + Au
va Auy — Aun-1 + Au cuaa cluster Aun. Vi vay, cac
gia tri A%E c6 thé duoc sur dung dé danh gia do bén
cua cluster Auy so Véi cac cluster 1an can Aun+ va
Aun-1. Gia tri nay cang duong twong ung vai cluster
d6 cang bén. Hinh 3 cho thiy gia tri A2E cua cluster
véi N chan Ién hon cluster véi N 1é (quy luat chin —
1é). Theo do, cac cluster Aus, Aug va Auig 13 nhitng
hé bén vai gia tri A%E lon nhat (1,50-1,67 eV).
Nguoc lai, Auiz 1a hé kém bén nhét véi gia tri A’E
4m nhat (-1,62 eV).
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Hinh 3: Ning lugng nguyén tir héa (BE), chénh l&ch ning lwgng bic hai (A’E) va niing lwgng phin
méanh mét buée (Es) theo kich thwéc cluster Aun (N = 2-20)
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Nang luong phan manh mot budc (one-step
fragmentation energy — Ey) 1a niang lugng can thiét
dé tach mot nguyén tir Au ra khoi cluster Auy thanh
Aun-1. Hinh 3 cho thiy cac cluster Auy véi N chan
c6 gia tri Ef cao hon céc cluster voi N 1¢. Diéu nay
c6 nghia la twong tac gilta cac nguyén tar Au trong
cluster vgi N chdn manh hon N Ié. Nhu viy, céac
cluster vai N chin bén hon so véi cluster co N Ié.
Trong nhom cac cluster dugc khao sat, cluster Aus,
Ausg va Aug c6 gia tri E¢ cao bat thuong nén dugc
du doan dic biét bén.

Ngoai ra, dai lugng thé ion hoa (ionization
potential — IP) va ai lyc electron (electron affinity —

Tdp 56, So chuyén d@é: Khoa hoc ty nhién (2020)(2): 10-17

EA) ciing dugc sir dung dé danh gia do bén cia
cluster Auy. Nhin chung, céc gia tri nay ciing bién
thién theo quy luat chin — 1& (Hinh 4). Theo do,
cluster véi N chan co gia tri IP 16n hon so véi cac
cluster co N 1é. Piéu nay 14 hién nhién béi vi cluster
¢6 s6 chin nguyén tir Au duoc dién day hai electron
trén HOMO, do d6 ning lugng dé tach electron ra
khoi mot orbital da ghép doi electron s€ cao hon
nhimng orbital chi chira mot electron dbi véi cac
cluster c6 s6 1¢ nguyén tr Au (Hinh 4). Trong khi
do, gia tri EA cuia cluster c6 N 1¢ cao hon so véi
cluster c6 N chin nguyén tir (Hinh 4).
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Hinh 4: Thé ion hoa (IP) va 4i luc electron (EA) theo kich thwéc cluster Aun (N = 2—20)

3.2 Mo hinh PSM va pho UV-Vis

CAu hinh electron cua cac cluster kim loai Vi
cac electron linh dong c6 thé duge mo ta theo mod
hinh PSM (phenomenological shell model) (Knight
et al., 1984). Theo md hinh nay, céc electron linh
d6ng dugc gidi han trong khong gian theo hinh dang
cua cluster va xéc dinh céc tinh chat cua cluster do.
Mo hinh PSM duoc phat trién dé giai thich quan sat
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ddi vai cluster kim loai kiérp, nhu Na va da duoc ap
dung thanh cong cho mét s6 cluster kim loai Al, Cu
cling nhu dang pha tap.

Déi vai cluster Aus, dang bén nhat mot tam giac
déu c6 kiéu ddi xtimng Ds, (Nhat et al., 2017). Nhu
vay, theo md hinh PSM, vdi c6 6 electron linh dong,
cluster Aus c6 cau tric electron tuong tmng la 152
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{1sz 1P§}. Thir tu ning luong cla céc orbital hoa trj
nay dugc minh hoa trén Hinh 5. Hai orbital bi chiém
cao nhaftt (HOMO) la nhirng orbital suy bién va cé
ban chat P (P, va Py), trong khi d6 HOMO-1 chinh
la mot orbital dbi xung hoan toan (kiéu S). Hai

op 40
IFL
ag 20
1[) __£§__
p 8
1S 2

Mo hinh PSM
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orbital khong bi chiém thap nhat (LUMO) ciing 1a
nhitng orbital suy bién nhung c6 ban chat D (D,,, va
D,z2_,2). Chinh vi thé, do bén cao ciia Aus dugc gidi
thich 1a do su phan bo cta 6 electron hoa tri vao 3
orbital 1S, P, va P,.

2
Q [ )
1D,y IDy2_y2
Q
1P, 1P,
1S
Cluster Aug

Hinh 5: M6 hinh PSM (¢rdi) va cac orbital hoa tri cia cluster Aus (phai)

Cudng do

T T T T T

350 400 450 500
Budc séng (nm)

Hinh 6: Phé hap thu UV-Vis caa cluster Aus

550
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Phé hip thu UV-Vis cua cluster Aug da duoc
nghién ctu & nhiéu muc 1y thuyét (Koppen et al.,
2012; Anak et al., 2014), tuy nhién, phd thuc
nghiém van chua duge cong bo. O mirc 1y thuyét
LC-BLYP/cc-pVDZ-PP (Hinh 6), phé UV-Vis cua
cluster Aug duoc dy doan c6 3 dinh hap thy lan luot
tai 293 nm (4,23 eV), 324 nm (3,83 ¢V) va 363 nm
(3,42 eV). Két qua nay kha gan véi gia tri 3,05 eV
cua Sarkar (Singh and Sarkar, 2015).

Theo d6, su hap thu tai 293 nm tuong tng vai su
dich chuyén electron tir HOMO-8 — LUMO+1 va
LUMO+2; 324 nm la trt HOMO-2 va HOMO-3 —
LUMO; cubi cung 13 HOMO-4 — LUMO+1 va
LUMO+2. Su dich chuyén cac electron nay duoc
biéu dién trén Hinh 7.
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Hinh 7: Cac MO lién quan dén sy dich chuyén electron trong cluster Aus

4 KET LUAN

Trong nghién ctru nay, ciu trac va tinh chat dién
tur ctia cluster vang Auy (N = 2-20) dugc nghién ctru
bang phiém ham LC-BLYP két hop véi bo co s&
tuong quan — pht hop gia thé cc-pVDZ-PP trong
khudn kho 1y thuyét phiém ham mat do (DFT). Boi
voi sy phat trién céu tric, cac cluster duge khao sat
ton tai dudi dang 2D dén N = 10 va bét dau dich
chuyén sang dang 3D tir N = 11. M6t s6 tham s6
nhi¢t dong co ban da dugc tinh todn va giai thich.
Nhin chung, cic gia tri nay thay ddi theo quy luat
chén — 1¢ cua kich thude cluster. P bén va tinh chit
dién tir cia cluster Aus duoc lam sang t6 bang mo
hinh PSM véi céu hinh electron la 1S? {1P21P?}.
Ph6 hép thu UV-Vis cua cluster Aus ciing duoc
nghién ciru bang phuong phap TD-DFT.

LO1 CAM ON

Ching t61 xin chan thanh cam on Trung tam
Tinh toan Dai hoc Jackgon States, Hoa Ky da cho
phép str dung suc may dé thuc hién nhirng tinh toan
trong nghién clru nay.

Nghién ctru nay duoc tai tro béi Quy Phat trién
khoa hoc va cong nghé¢ Quoc gia (NAFOSTED)
trong de tai ma so 103.01-2019.58.
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