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Theoretical Investigations on the Structures and the Chemical Bonding
of NbMoS;”° (n=3~7) Clusters
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Zhang, Yongfan“ Huang, Xin“
(“ College of Chemistry, Fuzhou University, Fuzhou 350116)
(® College of Chemical Engineering and Material, Quanzhou Normal University, Quanzhou 362000)

Abstract Recently, transition metal sulfides (TMS) have played an important role in many catalytic reactions. In particular,
they are widely used in the petrochemical industry, such as the hydrodesulfurization (HDS) and the hydrodenitrogenation
(HDN) processes. In this work, density functional theory (DFT) and coupled cluster theory [CCSD(T)] calculations were
used to study the niobium-mixed di-nuclear molybdenum sulfide clusters NbMosS, "’ (#=3~7). In our calculations, their
ground-state structures were determined and the effects of doping metal, adjusting the sulfur content (#) and changing the
charge states of clusters were discussed on the geometries, electronic structures and chemical bonding of NbMosS;, "° (n=
3~7). NbMos, " (n=3~7) clusters can be viewed as linking different sulfur ligands to the NbMoS, four-membered rings.
Among them, diverse poly-sulfur ligands, such as bridging S,, terminal S, and terminal S; groups, emerged in the sulfur-rich
clusters. Generalized Koopmans’ Theorem was employed to predict the vertical detachment energies (VDEs), and simulate
the corresponding anionic photoelectron spectra (PES). The first VDEs (VDE ) of NbMoS, (#=3~6) increased gradually
as a function of n, and then decreased suddenly when the sulfur content (n) reached 7. The VDE,, reached the maximum by
4.69 eV when the sulfur content equaled to 6. The driving forces (—AG) of the reduction reactions between NbMos;, "° (n
=3~7) and H, were evaluated. The NbMoS; anion with the terminal S3~ group yielded the negative value of AG,
which indicated that the reaction is thermodynamically favored even at the room temperature. We predicted that doping nio-
bium into the molybdenum sulfides may improve the emergence of S, group which may be helpful in producing the coordi-
natively unsaturated sites (CUS) under the H,/H,S atmosphere. Molecular orbital analyses are performed to improve our un-
derstanding on the structural evolution and the chemical bonding of NbMos, "° (n=3~7) clusters.

Keywords transition metal sulfide cluster; density functional theory; structural evolution; simulation of photoelectron spec-
trum
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Figure 1 Optimized structures for NbMoS—j_/0 at the B3LYP/Basis-II level of theory. The relative energies are in eV and the bond lengths are in ang-

stroms
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R 1 NbMoS, (n=3~TEARITHHAF T AR b i S AP E 1% BB (ADE) 5 5 — £ 38 B AL T3% H BE(VDE o) 145
Table 1 Relative energies of selected low-lying isomers of NbMoS, (n=3~7) with different basis sets, and comparisons with those from the CCSD(T)
single-point calculations at the B3LYP geometries together with the corresponding ADE and the first VDE values

Cluster B3LYP/Basis-I*" B3LYP/Basis-I1* CCSD(T)-SP*¢ ADE “ VDE,
NbMoS; (G, 'Ay) 0.00 0.00 0.00 2.54 2.87
NbMoS; (C; *A") 0.10 0.18 0.48 2.36 2.65
NbMoS; (C; 'A") 0.15 0.20 0.35 2.35 3.01
NbMoS; (C,*A") 0.00 0.00 0.13 2.93 3.33
NbMoS; (C;°A") 0.02 0.03 0.24 2.90 3.75
NbMoS; (C,°A") 0.04 0.05 0.25 2.88 3.80
NbMoS; (Cx, A)) 0.25 0.24 0.26 2.69 3.07
NbMoS; (C, A" 0.26 0.27 0.43 2.66 2.97
NbMoS; (C, 'A" 0.30 0.30 0.00 2.63 2.81
NbMoSs (C,*A") 0.00 0.00 0.19 3.49 3.82
NbMoSs (C, 'A" 0.05 0.06 0.00 3.43 3.68
NbMoS; (C,*A") 0.21 0.18 0.26 3.31 3.73
NbMoSs (G, 'A" 0.22 0.23 0.34 3.25 3.95
NbMoSs (C,*A") 0.23 0.24 0.46 324 3.84
NbMoS; (C, 'A" 0.00 0.00 0.00 427 4.69
NbMoS; (C; 'A) 0.00 0.00 0.00 4.13 4.46
NbMoS; (C, 'A) 0.13 0.15 0.11 3.98 448

“ All energies are in eV; ” B3LYP/Basis-I; ° B3LYP/Basis-II; “ CCSD(T) single-point calculations at the B3LYP/Basis-II geometries.

JE I FRIEGER(Csy 'Ay, B 1d). KT B o A R
T LR ARG, CA", B Te), HARX it Rt icfatl
BT 018 eV, imum i fir T8 R 7 i M 450 (C
A, B 1), HARX e R AR E T 020 eV, WX
e SRAIRA TSR] 7 CCSD(T) /5 34T B S R i 4,
455 B3LYP FHIZE A —3L

3.1.2 NbMoS, #= NbMoS,

FE NbMoS; /° & Ffifa g MR A LRtk 1, FRATTH FE
W—AWMETFOARBERME. FH SRR,
NbMosS; /% 14 2 134 RETH 1 L BF 22, B e Aa il B 4,
MR EZA GRS 2 FE R, Hdh NbMoS, H#E
ek e M R —ANKERR A € CANYR —E A (A
2a). ZLERIE A WS S B AS 43 0 AL TR R R
R R . FRATIEAF B — AN AR B AN L R AR A T
BT 0.01 eV HIRK(C, 2A", [ 2b), XFAS TR
AL EE R 2800, AR e B LB, (e T R
HHIAFICA" vs 2A"), RI{§iET CCSD(T) 5 f g5t
IRMENG ILTE A X 40 TF, BT ATE S8 P I i i S A (AR R A
ARSI E. Ak, B —ASFIE R ISR AR(C A,
Bl 2¢), ZAMER RPN 48 T 5 AR R 3[R
PR — NPT ) NbMoS, P eI g #4, R i At
B A% DY TR AN R 7 T, ARG B & b e R 28 ey
7 0.19 eV. i&FH == —ui il AR (& 2d~2g), H
FHXTRE I LA AR L R T 40 0.29 eV

XFF NbMoS, B 1 i fa kg B (Kl 2h), HILf4h
P 5 itk e fa e S5 H (2 a) 2L, & — AN AR

310  http://sioc-journal.cn

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AN AR, WRRME N C I =EACAYER. BAEMHA
FLEAS PRI 5 25 I (B 21 A1 2j), HARX B B A b i
Fagb iy W 7 0.03 F10.05 eV, Ih4h, ATEAEF T =
AAERTBEE SN 0.24. 0.27 A1 0.30 eV HISERIA(E
2k~2m). fEIX =AFREF, H—AN5 R a0
K — A, A, B 2m), HAX A E R Rl
BT 030 eV, HiZFMAELE CCSD(T)H et E
BN R R Y, MIXTREE L B3LYP KRR
FIEUMIRT 0.13 eV. Shax AN e e 1 k2B 0 1) S P 1A,
FAE B3LYP /KF Nk T AT IMN G EdE, 4
ORI B3LYP 7KF B fa il B (B 2h) 7EAIZ Y 512.0
cm ' (s)Fl1 501.65 cm ™' (vs)ib G PHANGRIE, 43 % R A
A R AR 8 415 3 (v ) BSOS FRA R IR B (vis). T3 9F, FEAT
F 431.6 cm ' (s)AbH —ANEGRIGIE, 7F 404.1 cm ! (m)
Wb — AT EERR BT IR0, 43 AT AR 1) S8 BRI 4 R
Bl (vas) FUXS BRARZE IR B (v,). T 53— ANFE CCSD(T)H: i fig
THE PR AR E M a (B 3m), TF 5 R IHAE TR
FIHHE 506.7 cm™ ' (vs)F11493.7 e ' (vs) AL A o B S
T 0 6 AR AR 205 415 311 () R S FR AR AR IR 50 (v,s) () BRI 7
461.5 cm™ ! (m)db g — PAER AT (g, 7E 432.1 cm ! (vw)
A — AR I I, 43 A SRR B 1 2 ek R AR 44 3% 56
Va) FI ARG IR B (v). CCHIRBIBRE KRS w §5;
vw H%55; m ;s 58 vs HR)
3.1.3 NbMoS; #= NbMoSs

£ NbMoS; ' Fa s My RUBERl b, FoAT 14k 80 Fe 75
B 7. E AT BB A PN = 1 NbMoSs

Acta Chim. Sinica 2017, 75, 307—320



(b) NbMoS 4 (Cs 2A" 0.01 eV)

() NbMoS 4 (Cs 2A" 0.291 eV)

(1) NbMoS,™ (Cs 3A' 0.27 eV)

2.344 2.397

(c) NbMoS, (Cs 2A' 0.19 eV)

(9) NbMoS 4 (Cs 2A' 0.293 V)

(m) NbMoS,~ (C 1A' 0.30 eV)

B2 & B3LYP/Basis-Il /KF T3 2111 NbMoS, " 14 R ket B K 5 HAE % A S AR VT 10 S M A (R B0 A)
Figure 2 Optimized structures for NbMoS;/* at the B3LYP/Basis-II level of theory. The relative energies are in eV and the bond lengths are in ang-

stroms
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(f) NbMoSs™ (Cs A’ 0.23eV)

(9) NbMoSs™ (C, 3A' 0.24 eV)

B3 1E B3LYP/Basis-1l 7KF T3 211 NbMoS; ' 1 R ishak B & 5 HAR A B S8 (1) A i CREHK B0y A)
Figure 3 Optimized structures for NbMoS; /° at the B3LYP/Basis-II level of theory. The relative energies are in ¢V and the bond lengths are in ang-

stroms
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534.8 cm ', vy SEIGME N 535.7 cm ).
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Figure 4 Optimized structures for NbMoS;’® at the B3LYP/Basis-II level of theory. The relative energies are in ¢V and the bond lengths are in ang-

stroms
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Figure 5 Optimized structures for NbMoS;/ 0 at the B3LYP/Basis-II level of theory. The relative energies are in eV and the bond lengths are in ang-

stroms

—ANFHXTRE RN 0.15 eV 5 DU ity P MF (B AFF R — AN
RS, EENRIAE Se). ZHA KRBT
B R P R A FE[CCSD(T) ] J7 s 1 5 J B, 75 3111
455 B3LYP /KF IS5 RAH—EK
3.2 XETFHIZEINS S FHEN

ATAEHE T NbMoS, n=3~7) A& T&EELY
Z KR BE B FE T 1) 5 A 4 1) 2 B T % H BB (VDES),
KA X Koopmans & (GKT)IMEIETH /1%, A
%~ NbMoS, 1k & 1915 76 Hi 7 Ae 1 (PES), #4011
JEHL IR B 6 B, % NbMoS, 74 2% N 55— &
VDE {H(VDE ) L3& 1; S3EAM A E e 72 1K
WL 7; % NbMoS, * (n=3~7)k A XM E/TH
LA 8~12. XL MEREF RN T, 4 aERE
PR, RIEOIRERHE T
3.2.1 NbMoS; #= NbMoS;

4 NbMoS; flIH & F NbMoS; I 243 FHuiE
(B )iz, L NbMoS; (C, A" B T4 &
e (12a"%(23a")%(13a")’(14a")' (24a')*. H HOMO #LiE
(24a")* FESE A EJE A 4d-n REEIE; RONE R —

Acta Chim. Sinica 2017, 75, 307—320

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AN HUE (142", EEBREFA LR MK 4d-n B
. B T3S NbMoS; (Cs, 'A)) AN A A 78 w1
NbMoS; 4 FIII— N8, KA B FHEHSE. -
(11e)*(12a,)*(2a,)*(12e)". #i i 47 FH1iE HOMO
(12e)* N4 IfaI P08, TR EIRPHIAN 4d-n K
BHUE; HUNZEQay)® EERAS N =AMRIE TR 3p
EBENIE; (12a)° Z &L “SkhlEsk” XK 4d-0
RRAEENIE. THERANE(12e)! RIFEHIE L— T
F%— 5 VDE {H 2.87 eV (& 1), Xt HL 71
HRES—ANiEE X 47 B (K 6a).

3.2.2 NbMoS, 4= NbMoS;

h A NbMoS, (Cy A" B TSN
-+(14a")*(29a")*(30a")*(15a")*(16a")". H: i w8 5357
THUIE SOMO (16a")' T N 4 )& 57 L1 4d HUiE R
g, (15a"y° EBRGHAGE L1 3p PRy, H4k
(30"’ LB FE RSB SE&BA L “SLAlisk”
4d-c BB, AT NbMoS, (C, 'AY 5+
PERES MR RA, oMM 25 1. M A
F+++(14a")*(29a")*(30a")*(152")*(31a")* (& 9c¢). Hrhfsh

http://sioc-journal.cn 313



e 2N,
% F F R e e
(a) NbMoS3~ (b) NbMoS 4~ (c) NbMoS5”
> = 2
£ X < =
5 8 §
5 B8 5
o L0}
w m i
2 o X1
2 Z X1 2 l
K @ X =
K & ~ \ K o
T T T . . : . T T ) 1 : : . : \
0 2 3 4 5 6 7 0 2 3 4 5 7 0 2 3 4 5 T
Binding Energy / eV Binding Energy / eV Binding Energy / eV
(d) NoMoSg” (e) NbMoS7
2 >
z S
5 5
3 3
@ K
% X/ ] X—"
2 2
kst 5
& @
T . T T T T . T T
0 2 3 4 5 6 7 0 1 2 3 4 5 7
Binding Energy / eV Binding Energy / eV
Bl 6 M NbMoS, (n=3~7PIE THELAEFEMIDH TRIEEICRL: —FS, 4% =FD)

Figure 6 Simulated photoelectron spectra from the ground states and selected low-lying isomers of NbMoS, (#=3~~7) clusters at the B3LYP//Basis-II
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Figure 10 Valence molecular orbitals for the ground states and selected
low-lying isomer of NbMoSs and NbMoSs
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Figure 12 Valence molecular orbitals for the ground states of (a)
NbMoS; and (b) NbMoS;

(b) NoMoS; (C; 'A)
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Figure 14  Optimized ground states for NbMoS, "’ (n=3~7) clusters at the B3LYP/Basis-II level of theory
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Table 2 Calculated free energy differences (AG) for the proposed reac-
tion (4) at the B3LYP/Basis-II level of theory

n—n—1 AGy™* AGu™
4—-3 34.92 37.07
5—4 25.09 43.44
6—5 9.90 30.96
7—6 0.77 —3.43

“ AG,, and AG,, mean AG of the neutral and anionic clusters, respectively. bAll

. . -1
energies are in kcalemol .
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Table 3 Equation (7) for the values of fluorine affinity (FA)

Cluster FA® Cluster FA®
NbMoS; 4.68 NbMoSs 4.37
NbMoS, 5.18 NbMoS, 3.77
NbMoSs 5.69
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“ All energies are in eV.
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