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ABSTRACT

This paper deals with quantum chemical explanation of high ionization potential and low electron affinity of WFg as
compared other species of this family. Calculated structure and vibrational frequencies of W by B3LYP, B3PW9O1
and MP2 schemes are compared with experimental values which establish superiority of B3PW91 over B3LYP and
MP2 in the present case. Anionic and cationic forms of WFg are optimized and analysed at B3PWO1 level. It is
revealed that low electron affinity of WF¢ is due to extra electron localization on W which goes to antibonding
molecular orbital. It is also shown that highest occupied molecular orbital is delocalized over F atoms and it is not
easy to extract electron from electronegative F which resultsin very high ionization potential of Wr.

Keywords: Tungsten hexafluoride, Electron affinity, lonizati Potential, Molecular Orbital, Atomic charge
distribution.

INTRODUCTION

In the periodic table, transition metal elementgeha great importance due to their variable coatibn number.
They form a variety of compounds which are refertedas coordination complexes. The nature of bandim
coordination complexes may vary depending upomttare of its components, nature of metal and thdotation
states and ligands. Transition metal hexafluorid@sstitute an important class of coordination coonmats which
are well known for their distinguished structuraldaelectronic properties. In such complexes, aratmhetal
element is surrounded by six F ligands. The mostroon feature of hexafluorides includes an octatiedracture
with high electron affinity (EA). However, octahaetlisymmetry may be broken due to an effect, seedallahn-
Teller distortion, the high electron affinity of duspecies still gets attention of a wide commurfgny transition
metals have been reported to form hexafluoride cudds possessing very high electron affinities @spgared to
fluorine, at least, theoretically [1-7]. For instan we have reported a systematic study on Osmis) yith a
number of F ligands and found that @&f-distorted to square pland.,) geometry with adiabatic EA of about 6.5
eV [8]. Recently, our study [9] on WHKn = 1-5) species indicate that the tungsten fluaridkehave differently than
other transition metal fluorides.

Tungsten hexafluoride (W} is well known for its distinguished properties.FyVis widely employed in the
manufacture of semiconductor devices. It is useddé&position of tungsten metal to form interconsette to its
high conductivity and compatibility with the silincsubstrate. In contrast to other hexafluoridethefsame series, it
is perfect octahedron. Moreover, it possesses learelectron affinity and very high ionization paot&l [1]. This is
indeed a strong indication of its enormous stab#igainst addition or removal of an electron fronfFgMn the
present work, we perform a quantum chemical suorethese distinguished electronic properties ofW¥e have
tested various methods (B3LYP, B3PW91 and MP2)ridlento choose appropriate scheme for the problederu
study. To benchmark our calculations, we have coatpaalculated geometry and vibrational frequenofe®/Fs
with corresponding experimental values. Finallyingsatomic charge distribution and molecular oibétaalysis at
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the most appropriate level of theory, we have eéwpth the origin of high ionization potential andv@lectron
affinity of WFs.

COMPUTATIONAL DETAILS

All computations were carried out with Gaussianp@8gram [10] within ab initio density functionallemes. The
functionals, in which Becke’s three parameter ergleaterm (B3) [11] is combined with correlationnsr of Lee,
Yang and Parr (LYP) [12] as well as of Perdew anan@/(PW91) [13], were used. In addition, we havgliag

second order perturbation method of Moller and $&egMP2) [14]. All atom basis set of Stuttgart-8ten-
Dunning (SDD) was employed throughout these calicuia. The visual animations of vibrational modesl all

relevant graphics were generated with the helpaafgsView 5 [15] and Chemcraft 1.8 packages [16].

RESULTSAND DISCUSSION
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Figure 1. Modé structure of Tungsten hexafluoride (WFe)

Molecular structure and vibrations

The molecular structure of Wks optimized by B3LYP, B3PW91 and MP2(FC) methadsg SDD basis set. All
methods lead to an octahedr@}) structure of Wk with singlet spin state as shown in Fig. 1. Thieudated bond-

lengths are 1.884, 1.878 and 1.903by B3LYP, B3PW91 and MP2 methods, respectivelye Thrresponding
experimental value is 1.833°Aneasured by electron diffraction method [17]. ThB8PW91 calculated bond-
length is more close to experimental value andliighierestimated by MP2 scheme.

Vibrational frequency calculations are also perfedmat the same level of theories within the harmoni
approximation. Calculated harmonic frequencies amnsities are listed in Table 1. For a comparison
corresponding experimental values [18] are alstuited. The transition corresponding to symmetrietshing (ay)

is calculated at 716 chrby B3LYP, 722 crit by B3PW91 and 699 chby MP2 against experimental value of 771
cm™. Very strong mode {f) observed at 712 chis triply degenerate due to asymmetric stretcliogg three axes.
A doubly degenerate modeg(eobserved at 677 chalso corresponds to asymmetric stretching, butcaliovo
planes.

Tablel. Vibrational modes of WF¢ calculated at B3LY P, B3PW91 and M P2 level with SDD basis set. Experimental values are also
included for comparison

Modes B3LYP B3PWS1 MP2 Experiment*
Freq.® Intensity® Freq. Intensity Freq. Intensity Freq. Intensity
alg 716 0.0 T2z 0.0 697 0.0 71 nacave
tiu 695 222.6 700 226.7 682 260.7 712 wv_strong
£z 645 0.0 651 0.0 629 0.0 677 inactive
tag 288 0.0 291 0.0 291 0.0 320 inactive
tiu 223 397 225 394 231 39.3 258 strong
tu 115 0.0 116 0.0 123 0.0 127  inactive

3Frequency in cm'Y; PIntensity in a.u.; °Ref. [18].
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All other lower modes associated with bending aistbdions are triply degenerate due to symmetryilofations.
Also due to highly symmetric structure of \Wknost of IR modes become inactive. From Tableng, @an see that
for &g &, g and §, modes, IR intensities vanish. In general, our cmaiional methods reproduce and assign
experimental bands correctly. The differences betwealculated and observed frequencies are maiundy td
anharmonicity of vibrations, which go on decreadmglower frequencies for all three methods empbhyit should

be noticed, however, that B3PW91 calculated fregesnare more close to experimental values as camupa
B3LYP and MP2.

lonization potential and electron affinity

In order to discuss the effect of addition and reah@f an electron, we have optimized the structurieanionic and
cationic Wk at B3PW91 level of theory. The equilibrium georiestrof WK™ and WE" are displayed along with
neutral Wk in Fig. 2. Evidently, addition of an electron da®ot affect the molecular geometry of YWE results
only in a marginal increase in the bond-length (b§1 A). On the other hand, removal of an electron ldads
change the structure into complex form, ). In this complex, two F atoms go away from thetia@iwW forming
a k moiety with the distance of 1.935 AThe distance of this moiety from centre is inseghto 2.302 A whereas
other bond-lengths are decreased to 1.843-1.851 A

WFg WF¢~ WFg™

Figure 2. Equilibrium geometries of WFs, WFs™ and WFs" at B3PW91/SDD level. Atoms are labeled with NBO charges (in €) and bond-
lengths (in A°) are also shown

We discuss the origin of high ionization potentiad low electron affinity of W We analyze the distribution of
extra electron over W and F atoms referring to gbarlabeled on atoms in Fig. 2. These atomic cbaage
calculated by natural bonding orbital (NBO) anadygi9,20] which are more reliable due to their lbasis set
dependency. In neutral WFatomic charge on W is +2.08 e and -0.35 e isanetl by each F atom. First we
consider the case of removal of an electron, i.Es"WrI'he ionization potential (IP) of WHs calculated to be about
15 eV which is consistent with the experimentaleabf 15.24 + 0.10 eV by Hildenbrand [21]. In orderexplain
such a high IP, we examine the charge distributjpon ionization of Wk The electron is mainly contributed by 2p
atomic orbital of two F atoms which forms a Foiety. W atom contributes only 0.1 e during thegess of
ionization which results in very high IP of \WF
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Figure 3. Molecular orbital diagrams of WFs and WF¢~ at B3PW91/SDD level
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Similarly, the EA of Wk has been estimated as 3.9 eV which is slightlhdrighan experimentally estimation of
3.4 - 3.7 eV [22-24]. However, note that this vaisierery small as compared to those of other hagafies of 5d
series. For instance, the EA of Rtl6.85 eV [25] is almost two times that of WHn general, large EA of
hexafluorides results due to extra electron deipatbn over several F atoms, leaving electronailerficy at the
centre. But this is not the case for Wik which extra electron is completely localized\Whatom. The NBO charge
difference on W in Wkand Wk is 0.9 e (see Fig. 2). Thus 90% of extra elecisdncated on W and only 10% is
shared equally by peripheral F atoms. The extratr@le localization on W disables it to be electideficient,
consequently lowering the EA of WF
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Figure4. HOMO (left) and LUMO (right) plots of WFs and WF¢~ calculated at B3PW91/SDD level

Let us now discuss these electronic properties frootecular orbital (MO) perspectives. W possessesiuder shell
configuration of 586<". Due to sextet (56s') configuration as its ground state, it can easiyd with six F (2&2p*)
atoms. In WE, due to the interaction of d orbitals of W andrpitals of F, d energy levels split into two sefarst
set gy (d,2,% d°) is 0.64 eV above the secong (tyy, d,,, d,,). The MOs are constructed from metal and ligand
orbitals symmetry as shown in Fig. 3 for YWahd WFk~. We focus on frontier MOs as they are mainly resue
for chemical reactions or interactions. The higleestupied molecular orbital (HOMO) represents &bitlo donate
an electron while lowest unoccupied molecular atl{iitUMO) denotes ability to accept it. The eneggyp between
HOMO and LUMO can be used as a stability index ofenule. Figure 4 displays the HOMO-LUMO surfaces f
WF; and WEk™. Apparently, the HOMO of W§is delocalized over F atoms i.e. ligand MO. Duestmong
electronegative nature of F atoms, it is not fakt@do extract an electron which is the reasonrxkhigh IP of
WFs.

Addition of an electron to Wfcauses to shift;gand {4 levels increasing their separation to 0.78 eV seguently,
increasing the energies of HOMO and LUMO. This @&xiectron goes to antibonding MO of Y& shown in Fig.

3 and in the HOMO plot of Wf as well (see Fig. 4). This causes to slightly aleitize the molecule due to
repulsion created by antibonding electron whickeftected by decrease in HOMO-LUMO gap of YWy addition

of an electron. Note the HOMO-LUMO gaps of YWdnd Wk~ are 6.53 eV and 2.18 eV, respectively. This also
explains the low EA value of WF

CONCLUSION

In summary, we have used B3PW91 method to explanhigh ionization potential and low electron affinof
WFs. The reliability of B3PW91 over B3LYP and MP2 istablished by calculating structure and vibrational
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frequencies of W§ We have shown that low electron affinity of YME due to extra electron localization on W and
highest occupied molecular orbital is delocalizegroF atoms which results in very high ionizatiostgmtial of
WFs. Thus present study provides a theoretical expilamaof distinguished electronic properties of teten
hexafluoride.
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