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Abstract

The Zn 1s valence-to-core (VtC) X-ray emission spectra of seven ionic liquids

have been measured experimentally and simulated based upon time-dependent density-

functional theory (TDDFT) calculations. Six of the ionic liquids were made by mixing

[C8C1Im]X and Zn(II)X2 at three different ZnX2 mole fractions (0.33, 0.50 or 0.67) for

X=Cl or Br, and a further ionic liquid was made by mixing [P6,6,6,14]Cl and a mole

fraction of ZnCl2 of 0.33. Calculations were performed for the [ZnX4]
2−, [Zn2X6]

2− and

[Zn4X10]
2− ions to capture the expected metal complex speciation. The VtC emission

spectra showed three bands arising from single electron processes that can be assigned

to emission from ligand p-type orbitals, zinc d orbitals and ligand s-type orbitals. For
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all seven ionic liquids, the highest occupied molecular orbital arises from the ligand p

orbitals, and the spectra for the different size metal complexes for the same X were

found to be very similar, in terms of both relative peak intensities and peak energies.

For both experiments and TDDFT calculations, there was an energy difference of 0.5

eV between the Cl-based and Br-based metal complexes for the ligand s and p orbitals,

while the Zn 3d orbital energies were relatively unaffected by the identity of the lig-

and. The TDDFT calculations find that for the ions with symmetrically equivalent

zinc atoms ([Zn2X6]
2− and [Zn4X10]

2−), the most appropriate core-ionised reference

state has a core-hole that is localised on a single zinc atom. In this framework, the

spectra for the larger ions can be viewed as a sum of spectra for the tetrahedral com-

plex with a single zinc atom with small variations in the structure of the coordinating

ligands. Since the spectra are relatively insensitive to small changes in the geometry

of the ligands, this is consistent with the small variation in the spectra measured in

experiment.

Introduction

X-ray emission spectroscopy (XES) has become established as a powerful technique to probe

the electronic structure of molecular systems.1–3 XES probes the occupied molecular or-

bitals and is complementary to X-ray absorption spectroscopy (XAS) which is sensitive to

the unoccupied orbitals. One advantage of these techniques is that they provide an element

specific, local probe of geometric and electronic structure. In recent years, the development

of new light sources has greatly expanded the breadth of systems that can be studied using

X-ray spectroscopy. One example of this is the XES of transition metal complexes at the

metal K-edge, i.e. following the non-resonant ionisation of the metal 1s electron.

The most prominent features in the metal K-edge XES of transition metal complexes are

the Kα and Kβ1,3 emission lines arising from electric dipole allowed metal 2p→1s and 3p→1s
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transitions, respectively.4 However, there is greater interest in much weaker transitions that

occur at higher energies. This region of the spectrum is referred to as the valence-to-core

(VtC) region and comprises transitions from orbitals associated with the ligands. This re-

gion has two groups of features, the Kβ′′ lines that arise from ligand-valence s→metal 1s

transitions and the Kβ2,5 lines corresponding to ligand-valence p→metal 1s transitions. The

reason for the focus on the VtC region is that these transitions can provide information on

the nature of the metal-ligand bonding.5 A number of systems have been studied including

iron, chromium, vanadium, manganese and zinc complexes,4,6–17 and XES has also been used

to probe the structure of enzymes.18

Halozincate ionic liquids show promise as mild Lewis acid catalysts.19–23 The ability to

tune the Lewis acidity by changing the mole fraction of ZnX2 used to make the ionic liquid

gives major advantages, but understanding the physicochemical properties of different haloz-

incate metal complexes is in its infancy. In addition, halozincate ionic liquids are excellent

model systems for understanding the electronic structure of metal complexes in solution.

The speciation of halozincate ionic liquids is relatively well understood. At a ZnX2 mole

fraction of x = 0.33, the only metal complex will be [ZnCl4]
2−.24 At x = 0.50 and x = 0.67,

the expected metal complexes are [Zn2Cl6]
2− and [Zn4Cl10]

2− respectively,25 although the

presence of low concentrations of other halozincate metal complexes is possible.

Alongside the development of experimental measurements, there has also been advances

in the simulation of XES. The energy and matrix elements of the electric dipole moment

operator for the various valence to core transitions required to simulate an X-ray emission

spectrum can be evaluated directly from wavefunction26–29 or Kohn-Sham density functional

theory (DFT)30 calculations. For example, the excitation energy can be determined from

the energy difference between the orbital energies (εi)
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∆E = εv − εc (1)

and the oscillator strength estimated from

f ∝ |〈φc|µ̂|φv〉|2 (2)

where φc is a core orbital with energy εc and φv is a valence orbital with energy εv, and this

and related approaches have been applied to study transition metal complexes.4,31 Following

ionisation of a core electron there will be some relaxation of the electronic structure. This can

be included in the calculations through the use of the Z+1 approximation where an increased

nuclear charge is used for the absorbing atom6 or through the transition potential approach

where a half filled core orbital is used providing a balance between final and initial states.32

The relaxation of the electronic structure in the presence of the core-hole can be included ex-

plicitly in the calculations through a ∆self-consistent field (SCF) approach wherein separate

SCF calculations are performed for each state.33 However, this approach can be cumbersome

since individual SCF calculations are necessary for all of the relevant states. Alternatively,

XES spectra can be determined from conventional response theory calculations through the

use of a reference determinant with a core-hole and the transitions of interest are found as

those with negative eigenvalues.34 In this approach full relaxation of the orbitals in the pres-

ence of the core-hole is included in the ionised state. This was originally applied within the

context of equation-of-motion coupled cluster theory (EOM-CCSD)35 and time-dependent

density functional theory (TDDFT)36,37 and has recently been applied within the context

of the algebraic construction (ADC) methods.38 The XES of transition metal systems has

been studied using TDDFT,17,39,40 and it has been shown that the experimental spectra are

reproduced well although an energy shift needs to be applied to the calculated spectra to

align with experiment owing to deficiencies in the exchange-correlation functional associated

with the electron self-interaction error.36
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Another important factor for these calculations is the choice of gaussian basis set.41 The

effective nuclear charge of the core-ionised state increases by one leading to a contraction of

the electron density, which presents a challenge for the basis set to describe both ground and

core-ionised states equally well. This can be achieved through the use of large Dunning basis

sets with core-correlation functionals, such as cc-pCVTZ and cc-pCVQZ.40 Recently, alter-

native strategies have emerged for achieving a balanced description of both states. These

include using exponents for the basis functions midway between the element and the element

with a nuclear charge of one higher42 and explicitly including basis functions for the Z+1

element in the basis set.43

In this paper we present experimental measurements and calculations of the XES of

seven halozincate ionic liquids, which were made by mixing [C8C1Im]X and Zn(II)X2 at

three different ZnX2 mole fractions (0.33, 0.50 or 0.67) and with two different X (Cl or Br),

and a further ionic liquid was made by mixing [P6,6,6,14]Cl and a mole fraction of ZnCl2 of 0.33.

Calculations were performed for the [ZnX4]
2−, [Zn2X6]

2− and [Zn4X10]
2− ions to capture the

expected metal complex speciation. The VtC X-ray emission spectra were recorded for six

halozincate ionic liquids and compared with spectra computed with DFT and TDDFT. The

series of zinc complexes studied allows the capability of the calculations to reproduce subtle

differences in the spectra to be studied. The majority of studies on VtC XES have focused on

metal complexes with a single metal centre. The XES of oxo-bridged iron complexes11 and

manganese complexes9 has been studied, and it was found that the intensity of the features

was dependent on the bond angle in addition to the metal-ligand bond distance.11 The

complexes studied here have multiple zinc atoms (up to four) and their symmetrical nature

raises additional questions with regard to the nature of the core hole upon the ionisation of

a zinc 1s electron. More specifically, whether the core-hole is localised on a single zinc atom

or delocalised over more than one zinc atom.
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Experimental Methods

Synthesis

1-Octyl-3-methylimidazolium chloride, [C8C1Im]Cl, and 1-octyl-3-methylimidazolium bro-

mide, [C8C1Im]Br, (≈250 g ea.) were purchased from Iolitec and tetradecyl(trihexyl)phosphonium

chloride, [P6,6,6,14]Cl, was purchased from Sigma-Aldrich. They were dried on a Schlenk line

at <2x10−2 mbar at 70 ◦C for 48 hr before being transferred to a LABstar (MBraun) glove-

box with <0.5 ppm O2 and H2O. The viscous ionic liquids were gently heated to 40 ◦C and

2 - 3 g of ionic liquid was decanted into a series of 30 ml screw top glass vials and the masses

were recorded. The desired amount of ZnX2 (ZnCl2 and ZnBr2 both purchased from Sigma-

Aldrich, purity 99.999% metals basis, used as received) was calculated and weighed in to

each vial, stirrer bars were added, and the temperature was raised to 70 ◦C. The vials were

periodically handled to wash any solid particles from the sides until clear solutions persisted

(typically <48 hr).

Table 1: Synthesis of halozincate ionic liquids. x = 0.33 ⇒ 2[C8C1Im]X + ZnX2 →
[C8C1Im]2[ZnX4]; x = 0.50 ⇒ 2[C8C1Im]X + 2ZnX2 → [C8C1Im]2[Zn2X6]; x = 0.67 ⇒
2[C8C1Im]X + 4ZnX2 → [C8C1Im]2[Zn4X10]

Ionic X Desired Mole Mass Ionic Moles Ionic Mass Moles Actual Mole Expected
Liquid Fraction Liquid Liquid ZnX2 ZnX2 Fraction Halozincate

ZnX2, x / g / mmol / g /mmol ZnX2, x Complex
[C8C1Im]Cl Cl 0.33 2.882 12.49 0.838 6.15 0.33 [ZnCl4]2−

[P6,6,6,14]Cl Cl 0.33 1.986 3.83 0.258 1.893 0.33 [ZnCl4]2−

[C8C1Im]Cl Cl 0.50 2.914 12.62 1.722 12.64 0.50 [Zn2Cl6]2−

[C8C1Im]Cl Cl 0.67 2.917 12.64 3.493 25.63 0.67 [Zn4Cl10]2−

[C8C1Im]Br Br 0.33 1.919 6.97 0.779 3.46 0.33 [ZnBr4]2−

[C8C1Im]Br Br 0.50 2.051 7.45 1.679 7.46 0.50 [Zn2Br6]2−

[C8C1Im]Br Br 0.67 1.953 7.09 3.248 14.42 0.67 [Zn2Br10]2−

XES

The halozincate ionic liquid samples (∼1 drop) were mounted between two pieces of Kap-

ton tape, and were kept in place by a plastic O-ring. We used the Si(111) monochromator

crystal cut. VtC measurements were taken using the I20 high-resolution X-ray emission spec-
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trometer44 equipped with three Ge(555) analyser crystals. The spectrometer was calibrated

using a Zn foil, measuring the Kβ1and Kβ2,5 lines with the incident energy tuned +100 eV

from the Zn 1s absorption edge. Further details regarding the stability of the samples under

X-ray radiation are provided in the Supporting Information.

Computational Methods

The calculated spectra are based upon the isolated (gas phase) [ZnyCl2y+2]
2− and [ZnyBr2y+2]

2−

(where y = 1, 2 and 4) ions optimised at the B3LYP/6-31G* level of theory. The X-ray emis-

sion spectra were computed with TDDFT using a protocol described previously.36 In this

approach, a Kohn-Sham DFT calculation is performed for the core-ionised state with the

maximum overlap method45 used to maintain the metal 1s core-hole during the SCF pro-

cedure and in a subsequent TDDFT calculation the emission energies appear as negative

eigenvalues. The B3LYP exchange-correlation functional was also used for these TDDFT

calculations. This functional systematically overestimates the VtC transition energies, and

an energy shift is applied to the computed spectra so that the most intense feature aligns

with the corresponding band observed in the experiment. These TDDFT calculations are

based upon the core-ionised determinant and it has been shown that it is important to use a

basis set that is able to describe the core-ionised state.41,43 In these calculations we adopt the

Z+1 basis set procedure wherein the basis set for the core-ionised element is augmented with

the basis functions for the element with a nuclear charge that is one higher.43 The 6-311G*

basis set was used for chlorine and bromine, with the (Z+1)6-31G* basis set used for zinc.

We emphasise that the same energy shift is applied to all the TDDFT calculations. Spectra

are also computed based upon Kohn-Sham DFT calculations using equations 1 and 2. For

these calculations the SRC1R1 functional was used,46 following previous work,31 with the 6-

311G* basis set used for chlorine and bromine, with the 6-31G* basis set used for zinc. These

calculations are based upon the ground state Kohn-Sham determinant so the additional basis
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functions are not required. The calculation of the intensities is performed within the dipole

approximation but additional calculations to determine the quadrupole contribution to the

intensities have been performed. Relativistic effects are also significant for K-edge X-ray

spectroscopy of transition metal elements which lead to a lowering in the energy of the 1s or-

bital. These effects are accounted for by applying an energy shift to the computed transition

energies which is estimated from the difference in the 1s orbital energy between relativistic

and non-relativistic HF/cc-pCVQZ for the relevant atom with the relativistic effects mod-

elled using the Douglas-Kroll-Hess Hamiltonian, which gives a value of +88.2 eV for zinc.

This calculated shift is insensitive to the binding of different ligands. Calculations of the zinc

atom, ZnCl4 and ZnBr4 show a variation of less than 0.04 eV at the HF/cc-pCVTZ level,

which compares to a variation of approximately 2 eV between the cc-pCVTZ and cc-pCVQZ

basis sets. The advantage of using the single value based upon the zinc atom is that it avoids

the need for calculations using large basis sets for the larger clusters. All calculations were

performed with the Q-CHEM software package47 except the calculations to determine the

quadupole contribution to the oscillator strengths which were performed using the ORCA

software.48,49 Computational spectra were generated by convoluting the computed energies

and oscillator strengths with gaussian functions with full-width at half maximum of 0.25 eV.

This value has been chosen to provide a visual representation of the calculated data, and

has not been chosen to provide an optimal match with the experimental data.

Results and Discussion

The optimised structures of the complexes are shown in Figure 1, with the bond lengths and

bond angles given. [ZnX4]
2−, [Zn2X6]

2− and [Zn4X10]
2− all have four terminal X atoms (i.e.

X bonded only to one Zn atom). [Zn2X6]
2− and [Zn4X10]

2− both have bridged X atoms (i.e.

X bonded to two Zn atoms), two and six bridged X atoms respectively; [ZnX4]
2− has only

terminal X atoms and no bridged X atoms. [ZnCl4]
2− and [ZnBr4]

2− are tetrahedral with
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[ZnCl4]2- [ZnBr4]2-

[Zn2Cl6]2- [Zn2Br6]2-

[Zn4Cl10]2- [Zn4Br10]2-

2.36

109.5o

2.50

109.5o

2.27
113.7o

92.0o

2.43

88.0o

2.41
113.1o

90.3o

2.55

89.7o

2.49

2.432.64

2.38

92.2o
87.3o

97.3o 87.6o

122.0o

2.37

2.292.52

2.22

90.1o
88.9o

96.5o 85.7o

123.1o

Figure 1: Calculated structures of the isolated [ZnyCl2y+2]
2− and [ZnyBr2y+2]

2− (y = 1, 2
and 4) ions with bond angles and bond lengths (in Å) shown.
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a larger bond length in the bromine complex. The structures of [Zn2Cl6]
2− and [Zn4Cl10]

2−

have a high degree of symmetry and conform to the C2v point group. This has the conse-

quence that the two zinc atoms are equivalent in [Zn2Cl6]
2−, and the two inner and the two

outer zinc atoms equivalent in [Zn4Cl10]
2−. There is some deviation from the perfect tetrahe-

dral geometry around the zinc atoms, with a narrowing of the Cl–Zn–Cl bond angles for the

chlorine atoms bonded to two zinc atoms and a widening of the Cl–Zn–Cl bond angles for

the singly bonded chlorine atoms. The bond lengths of the singly bonded chlorine atoms is

also shorter. The structures for [Zn2Br6]
2− and [Zn4Br10]

2− show the same structural trends

but with larger bond lengths than the corresponding chlorine complexes.

Figure 2 shows the experimental and calculated TDDFT VtC X-ray emission spectra

for [ZnCl4]
2− and [ZnBr4]

2−. The intensities of theoretical spectra have been determined

within the dipole approximation and to align the calculated spectrum for [ZnCl4]
2− with

experiment it is necessary to apply an energy shift of -59.9 eV (in addition to the energy

shift to account for relativistic effects). This correction is necessary owing to deficiencies in

the exchange-correlation functional,36 and this shift is subsequently applied to all TDDFT

calculated spectra. For [ZnCl4]
2− the experimental spectrum shows four distinct peaks. The

highest energy peak at about 9664 eV arises from multi-electron processes which will not

be captured by the TDDFT calculations,17 and this band in not considered further in our

analysis. The most intense band lies at 9654.5 eV and the calculations show that this band

arises from emission from valence orbitals that have ligand p orbital character, and as a

consequence this band can be considered a Kβ2,5 line. Therefore, we identify the highest

occupied fragment orbital for the halozincate metal complexes as arising from a molecular

orbital with ligand p orbital character. In a similar way, the lowest energy band at about

9644 eV arises from orbitals with ligand s orbital character and this band constitutes the

Kβ′′ line. Each of these bands has contributions from three triply degenerate orbitals. In

between these two bands the experimental spectrum has a further band at 9649 eV, while
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*

*

(a)

(b)

Figure 2: Experimental (black line) and TDDFT (red-line) VtC X-ray emission spectra for
(a) [ZnCl4]

2− and (b) [ZnBr4]
2−. The intensities of the calculated spectra are determined

within the dipole approximation and an energy shift of -59.9 eV is applied. * indicates a
multi-electron feature.
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the calculated spectrum shows no band in this region. Further analysis of the calculated

data shows that in this region there lies transitions from the d orbitals of zinc. However,

these transitions are predicted to have no intensity owing to the dipole approximation that

is used in determining the oscillator strengths, and the calculation of the intensity of this

band will be addressed later. The corresponding spectrum for [ZnBr4]
2− is very similar to

the [ZnCl4]
2− spectrum (see Figure 2) and the same conclusions can be made.
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Figure 3: A comparison between the VtC X-ray emission spectra for [ZnCl4]
2− (black line)

and [ZnBr4]
2− (red line). (a) experiment, (b) TDDFT and (c) Kohn-Sham DFT. An energy

shift of -59.9 eV is applied to the TDDFT spectra and a shift of +4.0 eV is applied to the
Kohn-Sham DFT spectra.

In Figure 3 a comparison is made between the VtC emission spectra of [ZnCl4]
2− and
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[ZnBr4]
2− from experiment, TDDFT and Kohn-Sham DFT calculations. An energy shift is

derived for the Kohn-Sham DFT spectra in an analogous way to TDDFT, giving an energy

shift of +4.0 eV. This shift is much smaller because of the different computational approach

and the nature of the SRC1R1 functional used.31 In the calculated spectra the zinc d orbital

band has been incorporated by evaluating the intensity of these transitions. To determine

these intensities it is necessary to go beyond the dipole approximation and include quadrupole

contributions. The ratio of the intensity of the intense band and the zinc d orbital band has

been determined using the protocol of Lee et al.4 using DFT calculations. This ratio has

been determined for [ZnCl4]
2− and [ZnBr4]

2− and then used to estimate the intensity of the

zinc d orbital band in the calculations presented. The inclusion of quadrupole contributions

makes a negligible contribution to the dipole allowed transitions, e.g. Zn 1s←ligand p, but

do make a significant contribution for the zinc d orbital band. The calculated intensity of

the band remains too low compared to the p orbital contributions, relative to the experi-

mental data, but the band can be clearly distinguished in calculated spectra. This shows

that to predict all three peaks associated with the single electron transitions it is necessary

to go beyond the dipole approximation and include quadrupole contributions. The spectra

computed with the Kohn-Sham DFT approach are very similar to the TDDFT spectra con-

sistent with earlier work that found this approach accurate for the simulation of VtC X-ray

emission spectra for transition metal complexes.31 In fact, the energy of the zinc d orbital

band aligns more closely with the experiment. Both experimental and calculated XE spectra

reveal some subtle differences between the spectra for [ZnyCl2y+2]
2− and [ZnyBr2y+2]

2−. For

all XE spectra, the band due to the ligand p orbitals was at higher energy by 0.5 eV for

[ZnyBr2y+2]
2− compared with [ZnyCl2y+2]

2−, irrespective of y. However, for both experiments

and calculations the peak with a significant contribution from Zn d orbitals occurred at ap-

proximately the same energy for all seven halozincate ionic liquids studied here (see ESI).

These findings suggest that each bromozincate ionic liquid will have a smaller ionization en-

ergy than the corresponding chlorozincate ionic liquid (for the same y). Furthermore, each
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bromozincate ionic liquid may be expected to act as a better electron donor (i.e. Lewis base)

than the corresponding chlorozincate ionic liquid (again, for the same y). There is also a

small reduction in the relative intensity of the low energy band in comparison with the most

intense band.

Figure 4: TDDFT calculated VtC X-ray emission spectrum for [C8C1Im]2[ZnCl4] (red line)
and experiment (black line). An energy shift of -59.9 eV is applied to the calculated spectra.

The calculated spectra presented are based upon the isolated metal complex ions whereas

the experimental spectra are measured in ionic liquid environment. The ionic liquid envi-

ronment could potentially have an effect on the VtC emission spectrum. It it is possible to

treat the ionic liquid environment at a computationally less expensive molecular mechanics

level,50 however, here we include the counterions explicitly within the calculation. Figure 4

shows the calculated spectra with two [C8C1Im]+ ions included explicitly in the calculations,

giving an overall neutral species. The results of the calculation indicate that the solvation

environment of the metal complex in the ionic liquid does not have a significant effect on

the spectrum, and as a consequence modelling the system with a single anion is a good ap-

proximation. This is supported by additional measurements of the spectrum with a different
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countercation (see the supporting information Figure S3a) which show a lack of variation

with respect to the identity of the countercation. This is consistent with the view that XES

provides a more local probe of electronic structure. In contrast, XAS involves excitation

to virtual orbitals which tend to be more diffuse, and it has been shown that calculations

of XAS of molecules in ionic liquids requires consideration of at least an ion pair (i.e. one

cation and one cation).51

delocalised localised

Figure 5: Delocalised and localised zinc 1s core orbitals of [Zn2Cl6]
2−. The coloured boxes

highlight the in-phase and out-of-phase combinations of the Zn 1s orbitals in the delocalised
orbitals, in contrast to the localised description where the orbitals have a contribution from
a single zinc atom.

We now consider the larger complex [Zn2Cl6]
2−. The optimised structure of this complex

has C2v symmetry where the two zinc atoms will be equivalent. In the ground state, the zinc

1s core orbitals will be delocalised over both zinc atoms with in-phase and out-of-phase com-

binations. In the TDDFT calculations where the core-ionised state is explicitly considered, it

is possible to adopt a delocalised or localised representation of the core-hole wherein the core-

hole can be on either of the two zinc atoms. The localised representation can be obtained by

lowering the symmetry of the wavefunction which allows the core-hole to localise on a single

zinc atom. These two representations of the core orbitals are illustrated in Figure 5. The
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calculated spectra for core-hole delocalised and core-hole localised reference determinants are

shown in Figure 6 along with the experimental spectrum. The calculated spectral profiles

for the two states is similar with the only notable difference being a greater intensity of the

highest energy band in the core-delocalised spectrum, however, the experimental band is too

broad to distinguish between these bands. There is a significant difference in the calculated

transition energies, with the local core-hole spectrum aligning closely with experiment while

the spectrum for the delocalised core-hole appears at much lower energy. The spectrum for

the localised core-hole also aligns closely with the calculated spectrum for [ZnCl4]
2−. This

is consistent with the experimental measurements that demonstrate clearly that there is no

large energy shift between the spectra for [Zn2Cl6]
2− and [ZnCl4]

2−. The delocalised core-hole

reference leads to an underestimation of X-ray emission energies which is counter to expec-

tations for the B3LYP functional.36 Consequently, the comparison between the calculations

and experimental data suggests that the localised core-hole description is more appropri-

ate. In the ionic liquid solution, the metal complex would not retain the high symmetry of

the gas-phase complex and so a local description of the core-hole would be more appropriate.

Figure 7 shows the experimental and TDDFT spectra for all of the complexes studied.

The spectra for the [Zn4Cl10]
2− and [Zn4Br10]

2− complexes were computed based upon two

separate calculations, one with the core-hole on an outer zinc atom and one with the core-

hole on an inner central zinc atom. The total spectra were then generated by combining the

data from the two calculations. The experimental spectra show little variation as the cluster

gets larger. There is no change in the position of the bands, but there is a small increase in

the intensity of the lower energy bands relative to the band with highest intensity. There

is also evidence for a broadening of the intense band which is evident in the calculations

and the experimental spectra. These bands lie on the tail of the Kβ1,3 emission line and

some care needs to be taken in analysing the intensity of these bands. A fuller discussion

of this can be found elsewhere.17 While the spectra cannot clearly distinguish between the
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Figure 6: VtC X-ray emission spectra for [Zn2Cl6]
2−. Experiment (black line), TDDFT

localised core-hole (red line), TDDFT delocalised core-hole (blue line) and spectrum for
[ZnCl4]

2− (green line). An energy shift of -59.9 eV is applied to the calculated spectra.

different sizes of cluster there is an observable energy shift between the chlorine and bromine

complexes. The calculations are consistent with this picture and illustrate that the relatively

small structural changes in the coordination environment of the zinc atoms do not lead to

significant changes in the VtC spectra.

Conclusions

VtC X-ray emission spectra of multi-centre zinc complexes in ionic liquids have been mea-

sured and compared with TDDFT calculations. Three distinct bands are observed in the

spectra, the most intense band at approximately 9655 eV arises from transitions that have

ligand p orbital character, transitions from zinc d orbitals give a band at 9647 eV, while the

final band lies at about 9643 eV and arises from emission from orbitals with ligand s char-

acter. There is surprisingly little variation between the spectra from [ZnX4]
2−, [Zn2X6]

2−
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Figure 7: Experimental and TDDFT calculated VtC spectra. (a) experimental spectra
for the [ZnyCl2y+2]

2− complexes, (b) experimental spectra for the [ZnyBr2y+2]
2− complexes,

(c) calculated spectra for the [ZnyCl2y+2]
2− complexes and (d) calculated spectra for the

[ZnyBr2y+2]
2− complexes.
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and [Zn4X10]
2− ions, where X=Cl or Br, but there is a shift to higher energy of 0.5 eV

for the bromine species. The TDDFT calculations predict three bands in good agreement

with the experimental data, but it is necessary to include quadrupole contributions to the

oscillator strength for the emission lines associated with transitions from the zinc d orbitals.

For the larger ions, the calculations find that the correct reference state has a localised

core-hole. In this picture, the spectra can be viewed as a sum of [ZnX4]
2−-like spectra with

slightly different structures. Since the spectra are relatively insensitive to small changes in

the coordination environment, this is consistent with the experimental data that shows little

variation in the spectra arising from the different size ions.
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