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The equilibrium geometries, electronic properties, and aromaticity of tungsten low-fluoride 
W3F /

3
� � clusters and their half-sandwich-type W3F3X (X = Li, Na, K) and W3F3Y+ (Y = Be, 

Mg, Ca) complexes are investigated by density functional theory (DFT) methods. The calcula-
tions reveal three types of the d bonding interaction existing in the planar regular hexagonal 
W3F3

�  (D3h, 1
1A� ) cation, W3F3

� (D3h, 3
1A��) anion, and W3F3X (Cs, 3A�) (X = Li, Na, K), W3F3Y+ 

(Cs, 3A�) (Y = Be, Mg, Ca) complexes. The � aromaticity is revealed in the W3F3
�  (D3h, 1

1A� ) 

cation, while the W3F3
�  (D3h, 3

1A��) anion possesses partial � aromaticity. They have two delo-

calized � electrons, satisfying the (4n+2) Hückel electron counting rule. 
 
DOI: 10.26902/JSC20170704 
 
K e y w o r d s: tungsten low-fluoride cluster, � aromaticity, DFT calculation. 

INTRODUCTION

Aromaticity was introduced into chemistry by Kekule. This concept was originally accepted and 
established in organic chemistry to describe the delocalized � bonding in planar, cyclic, and conju-
gated molecules possessing (4n+2) � electrons [ 1 ]. In recent years, it has been extended to the realm 
of all-metal clusters, then later to main-group element and transition-metal clusters [ 2—16 ]. It was 
shown that the prototypical all-metal aromatic cluster Al2

4
� was an example of a doubly aromatic sys-

tem with the simultaneous presence of � radial (�r), � tangential (�t), and � aromaticites. In recent 
years, much attention has been given to aromaticity and antiaromaticity of transition metal clusters and 
complexes with the multiple charge [ 17—25 ]. The presence of d orbitals endows much more diverse 
chemistry, structures, and chemical bonding to transition metal clusters and compounds which exhibit 
physical and chemical properties. The delocalized multi-center bonding in the transition metal systems 
also raises the interesting possibility for d orbital aromaticity, in particular, � aromaticity, which has 
been actively pursued lately [ 26—33 ]. In 1964, Cotton and co-workers published a research report 
[ 34 ] in which the presence of a new type of the chemical bond, which is a � bond between two Re 
atoms of K2[Re2Cl8] 	2H2O, was shown. Until 2007, the first circularly delocalized three-center � bond 
was observed for Ta3O3

� (D3h, 1 1A� ) in a joint photoelectron spectroscopy (PES) and ab initio studies of 
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Zhai et al. [ 32 ]. The totally delocalized multi-center � bond renders � aromaticity for Ta3O3
� and 

represents a new mode of chemical bonding, having a meaning of a milestone. Ta3O3
� is the first � 

aromatic molecule confirmed experimentally and theoretically. This report suggests that � aromaticity 
exists in many multinuclear low-oxidation-state transition metal compounds. In the same year, 
Averkiev and Boldyrev [ 33 ] theoretically predicted that the Hf3 cluster in the (D3h, 1

1A� ) 

(1 2
1a� 2 2

1a� 1e�41 2
2a�� 3 2

1a� ) state possessed triple (�, �, and �) aromaticity. At present, systems containing 
transition metal clusters have been actively studied by experiments and theory in chemistry and bio-
chemistry. The number of all transition metal aromatic/antiaromatic clusters and compounds reported 
in the literature has grown enormously: Cu3

�  [ 35 ], X3
� (X = Sc, Y, La) [ 36 ], X2

3
� (X = Zn, Cd, Hg) 

[ 10 ], Hf3 [ 33 ], Ta3
� [ 37 ], M3O9

� and M3O2
9
� (M = W, Mo) [ 39 ], Ta3O3

� [ 32, 39 ], Ta3Ox
� (x = 1—8) 

[ 39 ], Nb3
� and Nb3On

� (n = 1—8) [ 40 ], Ren (n 
 8) [ 41 ], Re3X9 and Re3X2
9
� (X = Cl, Br) [ 42, 43 ], 

Re3X2
9
� (X = Cl, Br) [ 44 ], M3O8 and M3O8

� (M = Cr, W) [ 45 ], M3O9
� and M3O2

9
� (M = W, Mo) [ 46 ], 

W0/ /2
3
� �  and W3O /0

x
�  (x  = 0—2) [ 47 ]. Obviously, transition metal compounds contain mainly rich-

oxidation-state and low-oxidation-state transition metal compounds. We consider that � aromaticity 
also may exist in other multi-nuclear transition metal clusters. The W3F /

3
� � clusters were derived from 

low-fluoride transition metal clusters, and this drives the objective to be achieved at the DFT level. 

COMPUTATIONAL METHODS 

All calculations were performed using the Gaussian 03 program package [ 48 ]. Equilibrium geo-
metries and vibrational frequencies of the W3F /

3
� � cluster, the half-sandwich-type W3F3X (X = Li, Na, 

K) and W3F3Y+ (Y = Be, Mg) complexes were fully optimized by the hybrid DFT-B3LYP method 
[ 50, 51 ]. For W3F /

3
� �, W3F3X (X = Li, Na, K), and W3F3Y+ (Y = Be, Mg, Ca) clusters, they were op-

timized at B3LYP levels of theory with the 6-311++G* basis set for F, Li, Na, K, Be, Mg, Ca and the 
LANL2DZ basis set for heavier W metal (Z  = 74). Vibrational frequencies were calculated by the 
B3LYP methods to characterize the stationary points as minima (number of imaginary frequencies 
Nimag = 0) or transition states (Nimag = 1) and the second-order saddle point (Nimag = 2). Molecular orbi-
tals (MOs) of the most stable W3F /

3
� � cluster, the half-sandwich-type W3F3Li (Cs, 3A�) and W3F3Be+ 

(Cs, 3A�) complexes were calculated by the B3LYP method with the corresponding basis set. All MO 
pictures were made using the Gaussview 3.7 program [ 48 ]. The bonding nature and atomic charge 
were analyzed by the natural bond orbital (NBO) analysis [ 52 ] using the B3LYP method with the cor-
responding basis set.  

RESULTS AND DISCUSSION 

The optimized geometric structures for the global minimum of W3F /
3
� � and selected low-lying 

isomers are illustrated in Fig. 1. The relative energies (�E) and the number of imaginary frequencies 
(Nimag), the lowest vibrational frequencies (�min), and W—W and W—F bond lengths (in Å) for the 
W3F /

3
� � isomers are given in Table 1. The optimized geometric structures for the global minimum of 

the half-sandwich-type W3F3X (X = Li, Na, K), W3F3Y+ (Y = Be, Mg, Ca) complexes are illustrated in 
Fig. 2. Table 1 lists the number of imaginary frequencies (Nimag), the lowest vibrational frequencies 
(�min), the relative energies (�E), the Wiberg bond index (WBI) of W—W (WBIW—W), W—F (WBIW—F), 
and total WBI of metal centers M (WBIM), the natural atomic charges QM of the metal atom, HOMO 
energies (EHOMO), HOMO-LUMO energy gaps (�E) at the B3LYP level for W3F3X (X = Li, Na, K) 
and W3F3Y+ (Y = Be, Mg, Ca). The MOs pictures for the most stable W3F3

�  (D3h, 1
1A� ) cation, the 

W3F3
� (D3h, 3 1A� ) anion, and the half-sandwich-type W3F3Li (Cs, 3A�), W3F3Be+ (Cs, 3A�) complexes are 

illustrated in Fig. 3.  
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Fig. 1. Optimized structures for the global minimum of W3F3
+ (D3h, 1

1A� ), W3F3
� (D3h, 3

1A� ), and their 

selected low-lying isomers. The relative energies �Etot (kcal/mol–1) and interatomic distances (Å)  
                                    were calculated at the B3LYP/LANL2DZ level of theory 

 
W3F+

3 (D3h, 1 �1A ) and W3F3
� (D3h, 3 �1A ) clusters. Geometric structures. Firstly, we performed an 

extensive search for the W3F /
3
� � global minimum for the singlet, triplet, quintet, and heptet states at the 

B3LYP level of theory with the corresponding basis set. 
For the single charged W3F3

� /– cluster, we considered all different geometries and spin multipli-
cities. A selected set of optimized low-lying structures and electronic states for W3F3

� /– are summa-
rized in Fig. 1, along with their equilibrium geometries and relative energies. For the W3F3

�  cation 
seven geometric isomers were obtained, which had different symmetry, i.e. structures 1, 2, 3, 4, 5, 6, 
and 7 (Fig. 1). Seven geometric isomers of W3F3

�  with different spins are minima on the B3LYP po-
tential energy surfaces with all real vibrational frequencies. The theoretical studies show that the W3F3

�  
global minimum has a planar regular hexagonal structure 1 D3h (1

1A� ) (Fig. 1). Therefore, the ground 

state of W3F3
�  is found to be a singlet state 1

1A�  with the D3h symmetry and a W—W bond length of 

2.324 Å. Our theoretical results clearly show that W3F3
�  has a propensity to adopt a singlet D3h (1

1A� ) 
ground state, whereas two nearly isoenergetic states C2v (1A1) and Cs (1A�) are found to compete for the 
ground state of W3F3

�; they are singlet states at the B3LYP level of theory with the corresponding ba-
sis set. A completely distorted pentagon structure C1 (5A) with a quintet state for W3F3

�  (Fig. 1, 4) is 
found to be only 0.255 eV above the ground state. This C1 (5A) structure has one terminal and one  
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T a b l e  1  

Calculated number of imaginary frequencies (Nimag), lowest vibrational frequencies (�min) (cm–1),  
Wiberg bond index (WBI) of W—W (WBIW—W), W—F (WBIW—F), and total WBI  
of metal centers M (WBIM), natural atomic charges QM (e) of the metal-atom bond,  

HOMO energies (EHOMO) (eV), HOMO-LUMO energy gaps (�E) (eV) at the B3LYP/ LANL2DZ  
level for W3F3X (Cs, 3A�) (X = Li, Na, K) and W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca)  

Species Nimag �min  WBIW—W WBIW—F WBIM QM EHOMO �E 

W3F3Li (Cs, 3 1A� ) 0 207 1.963 0.277 0.334 0.8128 –0.22202 0.22122 
W3F3Na (Cs, 3 1A� ) 0   74 1.968 0.273 0.346 0.8054 –0.18672 0.18420 
W3F3K (Cs, 3 1A� ) 0   55 1.988 0.270 0.204 0.8913 –0.20267 0.19728 

W3F3Be+ (Cs, 3A1) 0 131 1.685 0.316 1.295 1.1521 –0.46008 0.30532 
W3F3Mg+ (Cs, 3A1) 0   41 1.832 0.307 0.956 1.2976 –0.47347 0.30907 
W3F3Ca+ (Cs, 3A1) 0   62 1.874 0.298 0.222 1.5293 –0.41652 0.36592 
W3F3

�  (D3h, 3 1A� ) 0   99 2.108 0.256   –0.02755 0.15903 

W3F3
�  (D3h, 3 1A� ) 0   99 2.108 0.256   –0.02755 0.15903 

W3F3
�  (D3h, 1 1A� ) 0   70 2.362 0.334   –0.47189 0.29245 

 
bridging fluorine atom. The terminal W(1)—F(6) distance is 1.874 Å and is similar to that in mono-
fluorine. The bridging W(1)—F(2)—W(3) distances are little different (2.132 Å vs. 2.084 Å). The lo-
west heptet state (Cs, 7A�) is 0.757 eV above the ground state. As seen from Fig. 1, 1, the W—F bond 
length is 2.138 Å for the W3F3

�  (D3h, 1
1A� ) cluster. This W—F bond length is lower than the sum 

(2.90 Å) of covalent W and F radii. The bond length of the planar regular hexagonal W3F3
�  (D3h, 1

1A� ) 
cluster provides the structural criteria of its aromaticity. As seen from Fig. 1, 1, the W—W bond 
length lW—W is 2.324 Å for the ground state of W3F3

�  (D3h, 1
1A� ) cluster. The bond length lW—W is lower 

than the sum (2.60 Å) of covalent W and F radii. The bond length of the triangular W3 framework in 
the W3F3

�  (D3h, 1
1A� ) cluster provides the structural criteria of its aromaticity. The Wiberg bond index 

(WBI) also provides some information about the existence of ring current. As seen from Table 1, the 
calculated WBI of W—W for the regular hexagonal W3F3

�  (D3h, 1
1A� ) cluster is 2.362, which is be-

tween the standard values for double (2.0) and triple (3.0) bonds. This WBI value supports the forma-
tion of a delocalized effect on the triangular W3 framework in the W3F3

�  (D3h, 1
1A� ) cluster and there-

fore the aromatic nature of the W3F3
�  (D3h, 1

1A� ) cluster. It goes without saying that the W—W bond of 

the triangular W3 framework in the W3F3
�  (D3h, 1

1A� ) cluster is a completely delocalized three-center 
two-electron (3c—2e) metal-metal bond. The calculated atomic natural electron configuration of W 
[Xe] 6s0.495d 4.486p0.026d 0.017p0.11of W3F3

�  (D3h, 1
1A� ) supports the metal-metal bonding of the W—W 

interaction. 
 

 
 

Fig. 2. Optimized structures for the global minimum of the W3F3X (X = Li, Na, K) and W3F3Y+ (Y = Be, Mg,  
                                                                  Ca) all-metal compounds 



������ �	��
	����� ����. 2017. 	. 58, � 7  1331

 
 

Fig. 3. Seven top MOs in W3F3
�  (D3h, 1

1A� ) and nine top MOs in W3F3
�  (D3h, 3

1A� ), W3F3Li (Cs, 3A�), and  

                                   W3F3Be+ (Cs, 3A�) responsible for the planar triangular W3 framework 
 

We also performed an extensive search for the W3F3
� global minimum for each spin state at the 

B3LYP level of theory with the corresponding basis set. For the single charged W3F3
� cluster, four 

geometric isomers were obtained, which had the identical spin state and different symmetry, i.e. struc-
tures 8 (D3h, 3

1A� ), 9 (Cs, 3A�), 10 (C2v, 3B2), and 11 (C1, 3A), as shown in Fig. 1. Four geometric iso-

mers of W3F3
� are minima on the B3LYP potential energy surfaces with all real vibrational frequen-

cies. The theoretical studies show that the W3F3
� global minimum has also a planar regular hexagonal 

structure 8 (Fig. 1) D3h (3
1A� ). The energy stability order of the four isomers is 8 = 9 > 10 > 11 at the 

B3LYP level of theory. The ground state for the W3F3
� anion is shown to be a triplet state (3

1A� ) with 

the D3h symmetry. As seen from Fig. 1, the W—F bond length is 2.195 Å for the W3F3
� (D3h, 3

1A� )  
anion, which is formed by two electrons from the W3F3

�  (D3h, 1
1A� ) cation. The two electrons occupied 

two doubly degenerate HOMO (5e�) bonding/antibonding orbitals. Comparing the perfect D3h structure 
of W3F3

� with that of W3F3
� , we see that the W—W bond length of W3F3

� is slightly longer (0.030 Å) 
than that of W3F3

� . This is due to that the additional two electrons occupy the HOMO (5e�) of W3F3
�, 
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which is an antibonding orbital. The W—F bond length is shorter than the sum (2.90 Å) of covalent 
radii of W and F atoms. The bond length of the planar regular hexagonal W3F3

� (D3h, 3
1A� ) cluster pro-

vides also the structural criteria of its aromaticity. As seen from Table 1, the WBIW—W indices of the 
W3F3

� (D3h, 3
1A� ) cluster is 2.108, which is between the standard values of double (2.0) and triple (3.0) 

bonds. This WBI value supports the formation of a delocalized effect on the triangular W3 framework 
in the W3F3

� (D3h, 1 1A� ) cluster and therefore the aromatic nature of the W3F3
� (D3h, 3 1A� ) cluster.  

MO and chemical bonding analysis. To help understand the electronic structure and bonding 
nature in the W3F /

3
� � clusters, we carried out a detailed MO and chemical bonding analysis for the 

W3F3
�  (D3h, 1 1A� ) and W3F3

� (D3h, 3 1A� ) ground states (Fig. 3). 

Our calculations show that the ground state for W3F3
�  is a closed shell D3h (1

1A� ) structure with a 

valence electron configuration 1 2
1a� 1e�42 2

1a� 2e�41e�41 2
2a� 3e�41 2

2a�� 3 2
1a� 2 2

2a�� 4e�44 2
1a� 2e�4. Out of the 38 

valence electrons in the W3F3
�  (D3h, 1

1A� ) cluster, 24 belong to either pure fluorine lone pairs or those 

polarized towards W responsible for the covalent contributions to the W—F bonding, as in Hf3F3
� (D3h, 

1
1A� ) [ 53 ]. The remaining 14 valence electrons are primarily W-based and involved in the direct metal-

metal bonding. They occupied the top seven MOs of the W3F3
�  (D3h, 1

1A� ) cluster (Fig. 3) and are re-
sponsible for the perfect triangular W3 framework. These seven MOs are primarily composed of the 5d 
orbital and partially of W s—p—d hybrid orbitals. For the ground state of W3F3

�  (D3h, 1
1A� ) cluster, the 

fully occupied HOMO-1 (2e�) and HOMO-3 (2 2a��) form a � bonding/antibonding pair because 2e� 
and 2 2a��  MOs were composed of totally the same s—p—d hybrid function. They would cancel each 
other and do not contribute to the net chemical bonding in the W3F3

�  (D3h, 1
1A� ) cluster, resulting in 

negligible metal-metal � bonding. This phenomenon is also observed in the HOMO-4 (3 1a� ) and 

HOMO-2 (4e�) pair which is, however, a �r bonding/antibonding pair. The remaining HOMO (4 1a� ) is 
the most important and interesting MO, which is a completely bonding orbital mainly originating from 
the in-phase overlap of the 5dz2 atomic orbital on each W atom perpendicular to the molecular plane. 
However, this MO perpendicular to the molecular C3 axis has two nodal surfaces and is symmetric 
with respect to the molecular plane, thus, it is a � orbital. The circular delocalization and the bonding 
nature of the HOMO (4 1a� ) give rise to � aromaticity, according to the expanding (4n+2) Hückel count-

ing rule. This �-MO is responsible for the metal-metal bonding and the perfect triangular W3 frame-
work. It is obvious that the HOMO (4 1a� ) is a three-center bond (3c—2e). This low-fluoride transition-

metal cluster W3F3
�  in the 1 1A�  (1 2

1a� 1e�42 2
1a� 2e�41e�41 2

2a� 3e�41 2
2a�� 3 2

1a� 2 2
2a�� 4e�44 2

1a� 2e�4) electron state 
with the D3h symmetry is another example of � aromaticity in the multinuclear low-fluoride transition 
metal systems. 

Our theoretical results clearly show that the W3F3
� anion has a propensity to adopt a triplet 3

1A�  
state with the D3h symmetry (Table 1). It is predicted that W3F3

� is an open-shell structure with a va-
lence electronic configuration 1 2

1a� 1e�42 2
1a� 2e�41 2

2a� 3e�41e�41 2
2a�� 3 2

1a� 2 2
2a�� 4e�44 2

1a� 2e�45e�2. The mo-
lecular orbital distribution and the bonding nature in the W3F3

� (D3h, 3
1A� ) anion are totally the same as 

in the W3F3
�  (D3h, 1

1A� ) cation (Fig. 3). Twelve inner shell valence MOs in the W3F3
�  (D3h, 1

1A� ) cation 

were essentially maintained in the W3F3
� (D3h, 3

1A� ) anion since only slight distortions and a change in 

the orbital order are observed. In the nine top MOs of the W3F3
� (D3h, 3

1A� ) anion, fully occupied 

HOMO-5 (3 1a� ) and HOMO-3 (4e�) form an � bonding/antibondiong pair and HOMO-4 (2 2a��) and 

HOMO-1 (2e�) form a � bonding/antibonding pair, which should not significantly contribute to the net 
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aromaticity. The HOMO-2 (4 1a� ) and HOMO (5e�) form a � bonding/antibonding pair, but the anti-

bonding 5e� orbital is half-filled, resulting in a partial � bonding contribution to the W3F3
� (D3h, 3

1A� ) 
anion. Thus, the W3F3

� (D3h, 3
1A� ) anion can be considered to possess only a partial � aromatic charac-

ter.  
The above analysis reveals three types of the d bonding interaction existing in the planar regular 

hexagonal W3F3
�  (D3h, 1

1A� ) cation and the W3F3
� (D3h, 3

1A��) anion. HOMO-4 (3 1a� ) of the W3F3
�  (D3h, 

1
1A� ) cation and HOMO-5 (3 1a� ) of the W3F3

� (D3h, 3 1A� ) anion are the completely delocalized �-bonding 

orbital, and HOMO-3 (2 2a��) of the W3F3
�  (D3h, 1

1A� ) cation and HOMO-4 (2 2a��) of the W3F3
� (D3h, 3

1A� ) 
anion are a completely delocalized � bonding orbital, and HOMO-1 (4 1a� ) of the W3F3

�  (D3h, 1
1A� ) 

cation and HOMO-2 (4 1a� ) of the W3F3
� (D3h, 3

1A� ) anion are a completely delocalized � bonding or-
bital. Because there are these delocalized bonding orbitals, the Wiberg bond indices (WBIs) of the 
W3F3

�  (D3h, 1
1A� ) cation and the W3F3

� (D3h, 3
1A��) anion are placed between the standard values of dou-

ble (2.0) and triple (3.0) bonds. 
W3F3X (Cs, 3A�) (X = Li, Na, K) and W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca). Geometric struc-

ture. When one alkali metal cation X+ (X+ = Li+, Na+, and K+) or one alkaline-earth metal dication Y2+ 
(Y2+ = Be2+, Mg2+, and Ca2+) approaches a free W3F3

� (D3h, 3
1A� ) anion along the threefold molecular 

axis, the half-sandwich type W3F3X (Cs, 3A�) (X = Li, Na, K) or W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca) 
complexes are produced (Fig. 2). The bond length lW—W = 2.368  2.368 Å, and 2.366  2.366 Å, and 
2.366  2.366 Å, lW—F = 2.174  2.176 Å, and 2.183  2.185 Å and 2.183  2.185 Å, for Li, Na, and K, 
respectively, and the bond length lW—W = 2.419  2.420 Å, and 2.404  2.405 Å, and 2.385  2.386 Å 
and lW—F = 2.121  2.122 Å, and 2.139  2.141 Å and 2.145  2.149 Å, for Be, Mg, and Ca, respec-
tively. Obviously, W3F3

� (D3h, 3
1A� ) anion structural units were preserved in these half-sandwich type 

complexes when compared to those in free D3h (W3F3)–. This indicates that W—W and W—F interac-
tions are typical completely delocalized single bonds throughout the whole half-sandwich type com-
plex series, and WBIW—W � 1.6—1.9 and WBIW—F � 0.27—0.31 were found. WBIW—W (1.6—1.9) is 
between the standard values of single (1.0) and double (2.0) bonds. It means that there is a ring current 
effect on the triangular W3 framework in the W3F3

�  (D3h, 1
1A� ) cluster. This WBI value supports the 

aromatic nature of the W3F3
� (D3h, 3

1A� ) cluster. The X+—W3F3
� and Y2+—W3F3

� ionic interactions are 
clearly demonstrated by the fact that the alkali and alkaline-earth metal atoms in these complexes pos-
sess high calculated natural atomic charges QLi = 0.813|e|, QNa = 0.805|e|, QK = 0.891|e|, and 
QBe = 1.152|e|, QMg = 1.298|e|, QCa = 1.529|e|. The ionicity of these complexes increases from Li to K, 
Be to Ca, in line with the corresponding total Wiberg bond indices, which decrease from WBILi = 0.33 
to WBIK = 0.20, and WBIBe = 1.29 to WBICa = 0.22. The HOMO energy in the system is effectively 
lowered from –0.026 eV in free (W3F3)– to –0.222 eV in (W3F3Li), and to –0.460 eV in (W3F3Be)+, 
respectively, and the corresponding HOMO-LUMO energy gaps are greater than 0.159 eV in the free 
W3F3

� (D3h, 3
1A� ) anion. The W3F3

� (D3h, 3
1A� ) anion serves as a robust inorganic ligand in these com-

plexes.  
MO and chemical bonding analysis. The structure and bonding in W3F3X (Cs, 3A�) (X = Li, Na, 

K) and W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca) can also be understood by analyzing their MOs. As in the 
W3F3

� (D3h, 3
1A� ) cluster, out of 40 valence electrons in W3F3Li (Cs, 3A�), 24 belong to either pure fluo-

rine pairs or those polarized towards W (responsible for the covalent contributions to the W—F bond-
ing). The top nine MOs of the free W3F3

� (D3h, 3
1A� ) cluster were essentially maintained in the half-

sandwich type W3F3Li (Cs, 3A�) complex (Fig. 3) since only distortions and a change in the orbital or-
der are observed. The Li center in W3F3Li (Cs, 3A�) is practically a naked cation. The calculated natural 
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electron configuration of Li [He] 2s0.142p0.04 supports the ionic bonding nature of the Li+—W3F3
� inter-

action. The Li atom loses its 2s1 electron almost completely, whereas its 2p orbital remains practically 
empty (Fig. 3). Similar results exist in the W3F3Na and W3F3K clusters. An extensive calculation re-
sults shows that the ground state of W3F3Li is a Cs (3A�) structure with a valence electronic configura-
tion 1a�21a�22a�23a�24a�22a�23a�25a�24a�25a�26a�27a�28a�29a�210a�211a�26a�212a�27a�213a�18a�1. As 
shown in Fig. 3, the 11a� and 6a� MOs of W3F3Li (Cs, 3A�) are two antibonding �* MOs, which 
mainly originate from the two degenerate 4e� MOs of free W3F3

� (D3h, 3 1A� ) and 8a� MO of W3F3Li (Cs, 
3A�) is a completely delocalized � bonding MO, which mainly originate from 3 1a�  MO of free (W3F3)– 

(D3h, 3
1A� ). The fully occupied 8a� and 11a�, 6a� MOs of W3F3Li (Cs, 3A�) form a � bonding/anti-

bonding pair and do not contribute to the chemical bonding in W3F3Li (Cs, 3A�). The 7a� and 12a� 
MOs of W3F3Li (Cs, 3A�) mainly originate from the bonding/antibonding doubly degenerate 2e� MOs 
of free W3F3

� (D3h, 3
1A� ), this two MOs of W3F3Li (Cs, 3A�) are a bonding/antibonding pair �* MOs, 

and 9a� MO of W3F3Li (Cs, 3A�) mainly originate from 2 2a��of free W3F3
� (D3h, 3 1A� ), 9a� is a completely 

delocalized � bonding MO. The 9a� and 7a�, 12a� orbitals form a � bonding/antibonding pair, but the 
antibonding 8a� (HOMO) orbital is half-filled, resulting in a partial � bonding contribution to W3F3Li 
(Cs, 3A�). Analogously, the 10a� and 12a�, 13a� MOs form a � bonding/antibonding pair, the same half-
filled 13a� orbital results in partial � bonding in W3F3Li (Cs, 3A�). It is these delocalized partial � bond-
ing MOs that render the local ring-current effects to the W3 triangles, and therefore, aromaticity of the 
W3F3

� ligands in these half-sandwich type complexes. In W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca) com-
plexes, alkaline-earth metal centers possess the natural atomic configurations of Be[He] 
2s0.572p0.273d0.01, Mg[Ne] 3s0.633p0.063d0.01, Ca[Ar] 4s0.263d0.21, respectively. In these complexes, alka-
line-earth metal centers lose most of their ns2 electrons, whereas their np or (n – 1)d orbitals gain only 
a small portion back from the W3F3

� ligands. The low occupations of the valence np or (n – 1)d atomic 
orbitals indicate that covalent p—d or d—d interactions contribute slightly to the overall bonding of 
the systems. The calculation results show that W3F3Be+ (Cs, 3A�) and W3F3Li (Cs, 3A�) are an open-
shell Cs (3A1�) structure with same valence electronic configuration 1a�21a�22a�23a�24a�22a�� 
�23a�25a�24a�25a�26a�27a�28a�29a�210a�211a�26a�212a�27a�213 1

1a� 8a�1 since only slight distortions are 
observed, because W3F3Be+ (Cs, 3A�) and W3F3Li (Cs, 3A�) are valence isoelectronic species, therefore, 
W3F3Be+ (Cs, 3A�) also possesses a partial �-aromatic character (Fig. 3). Similarly, the delocalized �, 
�, and � bonding orbitals in the half-sandwich type W3F3Li (Cs, 3A�) and W3F3Be+ (Cs, 3A�) complexes 
have also led to an increase in their WBIW—W. 

CONCLUSIONS 

Extensive DFT calculations are performed in search for the lowest energy structures of multinu-
clear low-fluoride transition metal W3F3

� /– clusters and their half-sandwich type W3F3X (Cs, 3A�) 
(X = Li, Na, K) and W3F3Y+ (Cs, 3A�) (Y = Be, Mg, Ca) complexes. The ground state of the W3F3

�  
cation is a D3h, 1

1A�  (1 2
1a� 1e�42 2

1a� 2e�41e�41 2
2a� 3e�41 2

2a�� 3 2
1a� 2 2

2a�� 4e�44 2
1a� 2e�4) structure that possesses 

three types of the d orbital chemical bonding and gives rise to � aromaticity and the ground state of the 
W3F3

� anion is a D3h, 3
1A�  (1 2

1a� 1e�42 2
1a� 2e�41 2

2a� 3e�41e�41 2
2a�� 3 2

1a� 2 2
2a�� 4e�44 2

1a� 2e�45e�2) structure which 
also possesses three types of the d orbital chemical bonding and gives rise to partial � aromaticity. The 
results obtained from the present work are another example for low-fluoride transition metal clusters 
containing � aromaticity. The half-sandwich type W3F3X (Cs, 3A�) (X = Li, Na, K) and W3F3Y+ (Cs, 
3A�) (Y = Be, Mg, Ca) complexes containing partial � aromatic ligands can be provided. These novel 
complexes may be used in future experiments to open a new field of coordination chemistry. 
 
 



������ �	��
	����� ����. 2017. 	. 58, � 7  1335

REFERENCES 

1. Schleyer P.v.R., Jiao H. // Pure. Appl. Chem. – 1996. – 68. – P. 209. 
2. Li X., Kuznetsov A.E., Zhang H.F., Boldyrev A.I., Wang L.S. // Science. – 2001. – 291. – P. 859. 
3. Kuznetsov A.E., Boldyrev A.I., Li X., Wang L.S. // J. Am. Chem. Soc. – 2001. – 123. – P. 8825. 
4. Kuznetsov A.E., Corbet J.D., Wang L.S., Boldyrev A.I. // Angew. Chem. Int. Ed. – 2001. – 40. – P. 3369. 
5. Li X., Zhang H.F., Wang L.S., Kuznetsov A.E., Cannon N.A., Boldyrev A.I. // Angew. Chem. Int. Ed. – 2001. 

– 40. – P. 1867. 
6. Boldyrev A.I., Kuznetsov A.E. // Inorg. Chem. – 2002. – 41. – P. 532. 
7. Kuznetsov A.E., Boldyrev A.I., Zhai H.J., Li X., Wang L.S. // J. Am. Chem. Soc. – 2002. – 124. – P. 11791. 
8. Kuznetsov A.E., Boldyrev A.I. // Struct. Chem. – 2002. – 13. – P. 141. 
9. Alexandrova A.N., Boldyrev A.I. // J. Phys. Chem. A. – 2003. – 107. – P. 554. 

10. Yong L., Chi X.X. // J. Mol. Struct. (THEOCHEM.) – 2007. – 818. – P. 93. 
11. Alexandrova A.N., Boldyrev A.I., Zhai H.J., Wang L.S. // J. Chem. Phys. – 2005. – 122. – P. 054313-1. 
12. Ma J., Li Z., Fan K., Zhou M. // Chem. Phys. Lett. – 2003. – 372. – P. 708. 
13. Li Q.S., Jin Q. // J. Phys. Chem. A. – 2003. – 108. – P. 855. 
14. Li Q.S., Jin Q. // J. Phys. Chem. A. – 2003. – 107. – P. 7869. 
15. Li Q.S., Gong L.F. // J. Phys. Chem. A. – 2004. – 108. – P. 4322. 
16. Alexandrova A.N., Zhai H.J., Wang L.S., Boldyrev A.I. // Inorg. Chem. – 2004. – 43. – P. 3552. 
17. Boldyrev A.I., Wang L.S. // Chem. Rev. – 2005. – 105. – P. 3716. 
18. Xu W.G., Zhang Y.C., Xi Q. // J. Mol. Struct. (THEOCHEM.) – 2009. – 909. – P. 129. 
19. Xu W.G., Zhang R.C., Lu S.X., Zhang Y.C. // J. Mol. Struct. (THEOCHEM.) – 2009. – 894. – P. 1. 
20. Jin Q., Jin B., Xu W.G. // J. Mol. Struct. (THEOCHEM.) – 2005. – 713. – P. 113. 
21. Jin Q., Jin B., Xu W.G. // Chem. Phys. Lett. – 2004. – 396. – P. 398. 
22. Xu W.G., Jin B. // Chem. Phys. Lett. – 2006. – 419. – P. 439. 
23. Xu W.G., Jin B. // J. Mol. Struct. (THEOCHEM.) – 2006. – 759. – P. 101. 
24. Xu W.G., Jin B. // J. Mol. Struct. (THEOCHEM.) – 2005. – 731. – P. 61. 
25. Tsipis C.A. // Coord. Chem. Rev. – 2005. – 249. – P. 2740. 
26. Hofmann M. // Heteroat. Chem. – 2006. – 17. – P. 224. 
27. Zubarev D.Y., Averkiev B.B., Zhai H.J., Wang L.S., Boldyrev A.I. // Phys. Chem. Chem. Phys. – 2008. – 10.  

– P. 257. 
28. Kuznetsov A.E., Corbet J.D., Wang L.S., Boldyrev A.I. // Angew. Chem. Int. Ed. – 2001. – 40. – P. 3369. 
29. Alexandrova A.N., Boldyrev A.I., Zhai H.J., Wang L.S. // J. Phys. Chem. A. – 2005. – 109. – P. 562. 
30. Huang X., Zhai H.J., Kiran B., Wang L.S. // Angew. Chem. Int. Ed. – 2005. – 44. – P. 7251. 
31. Zhai H.J., Averkiev B.B., Zubarev D.Y., Wang L.S., Boldyrev A.I. // Angew. Chem. Int. Ed. – 2007. – 46.  

– P. 4277. 
32. Alexandrova A.N., Boldyrev A.I., Zhai H.J., Wang L.S. // Coord. Chem. Rev. – 2006. – 250. – P. 2811. 
33. Averkiev B.B., Boldyrev A.I. // J. Phys. Chem. A. – 2007. – 111. – P. 12864. 
34. Cotton F.A., Curtis N.F., Harris C.B., Johnson B.F.G., Lippard S.J., Mague J.T., Robinson W.R., Wood J.S. 

// Science. – 1964. – 145. – P. 1305. 
35. Yong L., Wu S.D., Chi X.X. // Int. J. Quantum. Chem. – 2007. – 107. – P. 722. 
36. Chi X.X., Liu Y. // Int. J. Quantum. Chem. – 2007. – 107. – P. 1886. 
37. Wang B., Zhai H.J., Huang X., Wang L.S. // J. Phys. Chem. A. – 2008. – 112. – P. 10962 
38. Huang X., Zhai H.J., Kiran B., Wang L.S. // Angew. Chem. Int. Ed. – 2005. – 44. – P. 7251. 
39. Zhai H.J., Wang B., Huang X., Wang L.S. // J. Phys. Chem. A. – 2009. – 113. – P. 9804. 
40. (a) Zhai H.J., Wang B., Huang X., Wang L.S. // J. Phys. Chem. A. – 2009. – 113. – P. 3866.  (b) Chen W.J., 

Zhai H.J., Zhang Y.F., Huang X., Wang L.S. // J. Phys. Chem. A. – 2010. – 114. – P. 5958. 
41. Feng X.J., Cao T.T., Zao L.X., Lei Y.M., Luo Y. // Eur. Phys. J. D. – 2008. – 50. – P. 285. 
42. Alvarado-Soto L., Ramírez-Tagle R., Arratia-Pérez R. // Chem. Phys. Lett. – 2008. – 467. – P. 94. 
43. Sergeeva A.P., Boldyrev A.I. // Comm. Inorg. Chem. – 2010. – 31. – P. 2. 
44. Alvarado-Soto L., Ramírez-Tagle R., Arratia-Pérez R. // J. Phys. Chem. A. – 2009. – 113. – P. 1671. 
45. Li S., Zhai H.J., Wang L.S., Dixon D.A. // J. Phys. Chem. A. – 2009. – 113. – P. 11273.  
46. Zhai H.J., Wang L.S. // Chem. Phys. Lett. – 2010. – 500. – P. 185. 
47. Lin S.J., Zhan X.H., Xu L., Wang B., Zhang Y.F., Huang X. // J. Phys. Chem. A. – 2013. – 117. – P. 3093. 
48. Frisch M.J., Trucks G.W., Schlegel H.B. et al. Gaussian 03. Revision C.01. Gaussian., Inc., Pittsburgh PA., 

2003.  
49. Becke A.D. // J. Chem. Phys. – 1993. – 98. – P. 5648. 
50. Lee C., Yang W., Parr R.G. // Phys. Rev B. – 1988. – 37. – P. 785. 
51. Perdew J.P., Wang Y. // Phys. Rev B. – 1992. – 45. – P. 13244. 
52. Reed A.E., Curtiss L.A., Weinhold F. // Chem. Rev. – 1988. – 88. – P. 899. 
53. Jin B., Jin Q. // Comput. Theor. Chem. – 2013. – 1013. – P. 130. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Web Coated \050Ad\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Japan Magazine Advertisement Color)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


