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Abstract: The electronic structures of bis(pentafluorophenyl)zinc (I) and 

dichloro(N,N,N',N'-tetramethylethylenediamine)zinc(II) (II) have been investigated 

by HeI and HeII UV photoelectron spectroscopy (UPS) and DFT/OVGF calculations. 

We discuss the properties of Zn-aryl and Zn-N bonds on the basis of spectroscopic 

evidence i.e. the nature of metal-ligand bonding. Our study is the first reported one on 

the photoelectron spectra of zinc-aryl complex. 
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1. Introduction 

    The element zinc is part of important metalloenzymes like carboxypeptidase A and 

it was shown that the sulphonamide ligands bind to the enzyme in unidentate 

coordination mode [1]. The element zinc is a constituent of β-lactamase enzymes 

which are involved in the hydrolysis of β-lactam antibiotics and thus responsible for 

the development of bacterial resistance towards such drugs [2]. 

    The knowledge of the electronic structure of zinc compounds containing organic 

ligands would therefore be useful for understanding the properties of metalloenzymes 

containing zinc. However, very few studies have been reported concerning the 

electronic structure of organozinc compounds [3,4].  

2. Experimental and Computational methods 

    The sample compounds were purchased from Aldrich and used without further 

purification after checking their identity and purity by NMR spectroscopy. 

    The HeI/HeII photoelectron spectra (UPS) were recorded on the Vacuum 

Generators UV-G3 spectrometer and calibrated with small amounts of Xe or Ar gas 

which was added to the sample flow.  The spectral resolution in HeI and HeII spectra 

was 25 meV and 70 meV, respectively when measured as FWHM of the 3p-1 2P3/2 Ar+ 

← Ar (1S0) line.    The samples were studied with the inlet probe heated to 90 and 200 

oC, respectively. The spectra obtained were reproducible and showed no signs of 

decomposition which was established by the measurement of 19F and 1H NMR 

spectrum of the sample residues i.e. the sample left in the probe after the completion 

of the measurement.  

    The quantum chemical calculations performed with Gaussian 03 program [5] 

included full geometry optimization of the neutral molecule at B3LYP/6-31G* level 

as the first step. The vibrational analysis confirmed that the resulting geometry was 
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the true minimum (no imaginary frequencies). Subsequently, the optimized DFT 

geometry was used as the input into the single point calculation using the outer-

valence Green’s function (OVGF) method at 6-31G* level [6]. This method obviates 

the need for using Koopmans approximation and provides vertical ionization energies 

with typical deviation of 0.3-0.5 eV (depending on the size of the basis set) from the 

experimental values. The basis set used was selected with regard to the computational 

efficiency. The optimized bond lengths agree well with the X-ray diffraction data e.g. 

calculated and measured Zn-C bond lengths are consistent to within 0.02 Å [7]. 

However, the optimized geometry gives the C-Zn-C moiety as linear while in the 

solid state the same moiety is bent at 172.60. The calculated torsional angle between 

phenyl rings in the free molecule was 890 while in the solid state the corresponding 

value is 76.70 [7]. Experimental studies have shown that in the gas phase, free dialkyl 

zinc molecules contain the linear C-Zn-C moiety [4b] so these discrepancies can be 

attributed to crystal packing forces. 

    We have attempted to measure the photoelectron spectra diphenylzinc(II), but were 

unsuccessful due to the decomposition taking place under the conditions of spectral 

measurement. The diphenylzinc(II) reacts readily with water and oxygen and is 

known to exist in a dimeric form [8].  

3. Results and Discussion 

    The photoelectron spectra of the molecules studied are shown in Figs. 1-2. The 

assignments are summarized in Table 1 and are based on OVGF calculations, 

HeI/HeII intensity variations and comparison with UPS of related molecules.  

Bis(pentafluorophenyl)zinc (I) 

    The photoelectron spectra of aryl-zinc derivatives have not, to the best of our 

knowledge, been reported yet. The interpretation of the photoelectron spectrum of I 
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relies on the assigned photoelectron spectrum of perfluorobiphenyl (PFB) ligand [9] 

and the computational results of Antes and Frenking [10]. The PFB spectrum contains 

bands at 9.8, 10.7, 12.85 and 13.85 eV with relative intensities of 3:1:1:1 respectively. 

These bands can be attributed to ionizations from six π6–π1 orbitals. In the spectrum 

of I there are bands at 9.85, 11.25, 12.65 and 13.85 eV with relative intensities 4:1:2:4 

respectively. The first band comprises ionizations from four ligand based π-orbitals 

(π6-π3). This assignment is consistent with the relative band intensities, OVGF 

calculations and the comparison with PFB spectrum. Using similar arguments we 

established that the bands at 12.65 and 13.85 eV each contain one ligand π-orbital 

ionization (π2 and π1, respectively) in addition to σ-ionizations. The second band in 

the spectrum of I at 11.25 eV can be assigned to single Zn-C σ-bonding orbital with 

predominantly Zn 4s character. The results of MP2 calculations [10] also suggest the 

existence of a single Zn-C σ-bonding orbital and significant polarization (M- - Zn2+ - 

M-) of the Zn-C bond. Our assignment can be compared with the photoelectron 

spectrum of di(n-pentyl)zinc [4b] where the ionization from Zn-C bonding orbital 

appears at 10.20 eV. The Zn-C orbital in I is shifted by approximately 1 eV towards 

higher ionization energy compared to dialkylzinc analogue which indicates that the 

Zn-C bond in I is more polarized than in dialkylzinc analogues. This interpretation is 

consistent with the previous calculations [10]. The 11.25 eV band exhibits a decrease 

in relative intensity on going from HeI to HeII radiation which is typical for orbitals 

with Zn 4s character [4a]. The first three bands in 9.85 eV manifold overlap so 

extensively that we could not assess whether any of the three remaining orbitals also 

have some metal character. The ligand based π3-orbital is destabilized by at least 0.3 

eV vs. the PBF orbital [9] as discussed above. The region of the spectrum with 

ionization energies >13.85 eV contains a high density of ionic states and is difficult to 
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assign unambiguously, therefore it shall not be discussed further. Zn 4d orbitals are 

known to have core-like character, they rarely participate in zinc-ligand bonding and 

appear above 16 eV as demonstrated previously [4,10]. 

    It appears that the Zn-C bond polarization in I is very large compared to dialkyl 

analogues. This can be partly due to the presence of electron withdrawing fluorine 

substituents which will enhance the Zn-C bond polarization further on going from 

diphenylzinc to I. In non-halogenated Zn-aryl derivatives the metal-ligand bonding 

interaction would be expected to be different, with weaker Zn-C bond polarization.  

Dichloro(N,N,N',N'-tetramethylethylenediamine)zinc(II) (II) 

    The coordination of zinc atom in this molecule resembles a distorted tetrahedron 

[11]. The photoelectron spectrum of II contains two well resolved bands at 9.78 and 

10.52 eV of approximately equal intensity. In addition, a partially resolved band at 

12.4 eV can be discerned. The spectral region ≥ 12.4 eV contains a manifold of 

unresolved bands which are difficult to interpret and they shall not be discussed 

further. The bands at 9.78 and 10.52 eV both show pronounced decrease in relative 

intensity on going from HeI to HeII radiation which is indicative of chlorine lone pair 

ionizations (nCl). It is well established that atomic photoionization cross-sections for 

Cl3p orbitals decrease strongly on going from HeI to HeII radiation [12] while the 

decrease for N2p type orbitals is less pronounced. In our spectra the relative intensity 

of 9.78 eV band decreases less than the neighboring 10.52 eV band which suggests 

that the former band may comprise nitrogen lone pair related ionizations. The 

assignment of the spectrum of II can then be obtained by comparison with the 

photoelectron spectra for the reference molecules ZnCl2 [13], N,N,N',N'-

tetramethylethylenediamine (TMEDA) [14] and HeI/HeII band intensities. The 

OVGF calculations indicate that the spectral region 9-11 eV contains six ionizations: 
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two from Zn-nitrogen bonding orbitals (Zn-nN) and four chlorine lone pairs (nCl). On 

the basis of this comparison we assign the 9.78 eV band to three ionizations: two from 

the zinc related orbitals (Zn-nN) and one from the chlorine lone pair. In the spectrum 

of the free ligand (TMEDA) nitrogen lone pairs appear at 8.0 eV [14]. The band at 

10.52 eV can then be assigned to three chlorine lone pair ionizations. The four 

chlorine lone pair ionizations in the spectrum of ZnCl2 appear at much higher energies 

of 11.84 and 12.4 eV [13]. We did not observe any spin-orbit splitting induced by the 

metal atom which is not surprising given that such splitting in ZnCl2 amounts to < 0.1 

eV [13].  

    We are mostly interested in metal-ligand interactions so we shall discuss the 

character of metal-ligand bond in II and compare it with the reference molecules. The 

orbital energies of chlorine and nitrogen lone pairs show pronounced energy shifts vs. 

the reference molecules.  The average chlorine lone pair ionization energies in II and 

ZnCl2 are 10.33 and 12.12 eV, respectively which amounts to a 1.78 eV shift towards 

lower ionization energies in II. The nitrogen lone pair energies of TMEDA are shifted 

by nearly the equal amount (1.7 eV) to higher ionization energies upon the 

coordination with zinc i.e. the generation of II. The magnitude of this nitrogen lone 

pair shift is consistent with a 1.7 eV shift towards higher energies observed upon the 

complexation of Lewis acid dimethylzinc with two triethylamine ligands [15].  

    The energy destabilization of chlorine lone pairs and the concomitant stabilization 

of nitrogen lone pairs can be explained by the transfer of electron density from 

TMEDA ligand to the zinc. The metal-ligand bonding in ZnCl2 is mainly ionic [13]. 

The electron density transfer from nitrogen to zinc in II reduces the ionic character of 

Zn-Cl bonds and reduces the Lewis acidity of zinc. The reduction in ionic character 

requires chloride anions to share some of their electron density with zinc which is 
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destabilizing for Cl- anion. On the other hand, the transfer of electron density from 

nitrogen to zinc leads to delocalization of the nitrogen lone pair electrons which can 

be considered stabilizing. In the complex formation process, the zinc coordination 

geometry changes from linear in ZnCl2 to tetrahedral in II. The change in the nature 

of Zn-Cl bonding described above is reflected in the Zn-Cl bond lengths which 

increase from 2.072 Ǻ in ZnCl2 [16] to 2.217 Ǻ in II [11].  

4. Conclusion 

    Some general comments regarding Zn-ligand bonding on the basis of the 

photoelectron spectra of the molecules studied are in order. We have demonstrated 

experimentally that zinc-aryl bonding leads to highly polarized Zn-C bonds especially 

if the aromatic ring carries strongly electron-withdrawing substituents. On the other 

hand, the interactions between amine type ligands and zinc atom significantly alter the 

character of typical ionic bond between zinc and halogens. These conclusions are 

relevant for zinc complexes where zinc atom has a fully occupied 3d shell. However, 

it would be interesting to investigate whether in complexes where transition metals 

have incompletely filled 3d shells similar or different metal-ligand bonding effects 

occur. In metalloenzymes, the Lewis acidity of zinc is often crucial for converting  

weak nucleophiles like water into stronger ones like hydroxyl ion. Our results suggest 

that the Lewis acidity of zinc may be fine tuned and greatly altered by careful 

selection of substituents present on the ligands bound to this metal.    
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Table 1. Experimental (Ei/eV) and calculated (OVGF/eV) vertical ionization 
energies, orbital assignments and relative band intensities in I and IIa 
Compound Band Ei OVGF Assignment       Relative 

Intensity 
HeI/HeII 

I  X-C 9.85 9.26, 9.26 

9.56, 9.56  

π 6-3       1.0/1.0 

 D 11.25 11.38 σ(Zn-C)       0.25/0.16 

 E-F 12.65 12.62, 12.62 π 2 + σ 0.48/0.36 

 G-I 13.85 12.95, 14.19, 14.19 π 1 + 2σ 1.0/0.61 

II X-B (9.6) 

9.78 

9.32, 9.45, 9.58 Zn-nN, Zn-nN, 

nCl 

1.0/1.0 

 C-E 10.52 10.20, 10.22, 10.34 nCl , nCl, nCl 0.84/0.50 

 F 12.4 12.04 σ  
athe numbers in brackets correspond to shoulders (overlapping bands) 
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Figure captions 

 
Fig. 1 HeI and HeII photoelectron spectra of bis(pentafluorophenyl)zinc  
 
Fig. 2 HeI and HeII photoelectron spectra of dichloro(N,N,N',N'-
tetramethylethylenediamine)zinc(II)   
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