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Abstract: This work presents a detailed structural and chemical characterization of the system
formed by zinc acetate dihydrate (ZAD) and ethanolamine (EA) with methoxyethanol (ME), in
order to describe its stability. The origin of the mixture degradation during storage at room
conditions is analyzed. Theoretical calculations of the frontier orbitals of the system ZAD plus
EA under interaction with ME and CO, are used to deduce energy levels and stability of the
different molecules appearing in the ZAD-EA-ME system. The models were tested as potential
energy minimum and their photo-absorption spectra were simulated. The dimerization process
leading from the simplest configuration to the most abundant one is also theoretically
analyzed and used to describe the effect of the nuclearity raise on the mixture stability. Our
results explain the experimental observations and provide a better understanding of the role
played by EA in the formation of ZnO and, consequently, allow optimizing the technological

processes to prepare these films.

INTRODUCTION

An optimal sol-gel precursor design is a key point for the emerging flexible and printed
electronics development. Nowadays, sol-gel-derived ZnO is one of the most attractive oxides,

due to its high electrical conductivity', good ultraviolet absorption behaviour, strong room-



temperature luminescence®, piezoelectricity, excellent environmental stability, chemical
sensing®, compatibility with large-scale processing, low cost, abundance, biocompatibility and
easy fabrication. In most reports published so far’, it is obtained by using zinc acetate
dihydrate (ZAD) as salt and ethanolamine (EA) as stabilizer. The increasing interest in the
development of sol-gel ZnO inks is reflected by recent specific studies on the effect of

solvents™®, precursor nature and concentration’”®, EA:ZAD molar ratios”°, sol ageing®,
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annealing duration ", annealing temperature ™, and even specific process parameters such

as withdrawal speed in deep coating™® on the properties of the resulting ZnO.

Stabilization of the Zn(ll) ion is crucial in sol-gel processes to obtain high quality ZnO films.
Most of the inks reported to date involve the use of aminoalcohols as stabilizers. However,
rigid aminoalcohols such as H,N-CsH,-2R with R = OH or CH,OH are not adequate'’ because of
the fast degradation of the formed precursors even at room temperature, which precludes
their use for ZnO preparation. Indeed, it is known that aminoalcohols present high
photosensitivity: radicals based on CHs;-OCH, are formed after UV-irradiation®® and
photooxidative cyclization of aminoalcohols produce 1,3-oxazines™. In consequence, the
photosensitivity observed in the ZnO precursors containing aminoalcohols is a major issue in

order to avoid degradation during ink storage.

EA is by far the preferred aminoalcohol to stabilize the Zn(ll), but it does not escape from the
previous observation. It is known that EA facilitates Zn(ll) chelation and promotes the
formation of ZnO due to the amine functional group that increases the solution pH%.
Consequently, a higher amount of EA leads to higher chelation rates of Zn>* ions along the
(002) minimum-surface-energy plane, resulting in higher c-axis orientation with less porosity™.
In particular, processes such as hydrolysis, polymerization and complexation have been
identified to notably influence the structure and rate of the crystallization”. Nevertheless, the
presence of ethanolamine on the top of ZnO thin films significantly decreases the optical
performance of ZnO devices® and, in general, amines cause a dramatic impact on the
optoelectronic properties and morphology of the ZnO films by degrading sol transparency and
stability”>. Therefore, the technology to obtain ZnO thin films from sol-gel process is not

definitively controlled yet and requires further investigation.

This paper presents a detailed analysis of the origin of the ink (ZAD+EA+ME) degradation
during storage at room conditions. After an introduction to the materials and methods, the
experimental results are correlated with Density Functional Theory (DFT), which is known to be

a useful and powerful tool to understand the evolution of many organic molecules, condensed



substances and even metal organic complexes. A final calculation allows describing in detail
the equilibrium between the two most important forms, since, as already shown®, the
reaction of EA with ZAD produces tetramers ([Zn],, Figure 1) that are not stable in solution. Our
results provide a better understanding of the ink degradation and, consequently, allow
optimizing the technological processes to prepare precursors, in order to obtain good ZnO

films?*.

Figure 1. Schematic view of the core of the tetramer [Zn], formed after the interaction
between ZAD, EA in ME (H atoms have been omitted for clarity), where Zn(ll) atoms are

simultaneously bound to two bridging-acetate and one bidentate-(N,O)- EA ligands.

EXPERIMENTAL
Materials and procedures

The ZnO precursor was prepared by stabilizing zinc acetate dihydrate (Zn(CH;C0OO),:2H,0,
ZAD, from Panreac) with ethanolamine (H,NCH,CH,OH, EA, from Acr6s Organics). Then, 2-
methoxyethanol (CH30(CH,),0H, ME, from Aldrich) was added as a solvent to prepare the ink,
following the method reported in previous work®®. Some of these mixtures were stored at
various room conditions for some weeks, showing evidences of chemical degradation.

Sensitivity to light was tested by leaving the samples over the lab desk.



'H Nuclear Magnetic Resonance (NMR) studies were performed at 298 K in a Mercury-400
MHz instrument, using MeOD (99.9%) as solvent. Complementary Evolved Gas Analysis (EGA)
was performed in vacuum with a heating rate of 20 K/min using a MKS quadrupole mass

spectrometer (Microvision Plus).
Quantum mechanical simulations

To elucidate the effect of light, CO, and ME on the stability of the reagents and the
precursor, the energy levels and stability of the different molecules appearing in the ZAD—EA—
ME system were deduced from quantum mechanical simulations. Ten molecular models were
defined for Time-Dependent Density Functional Theory (TD-DFT) simulations: the isolated EA,
monomer [Zn], and dimer [Zn], (see Figure 2); these three models solvated with implicit ME [e
= 17.2]; and [Zn]; and [Zn], with one and two CO, molecules, respectively, before and after

solvation.
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Figure 2. Ethanolamine, monomer [Zn]; and dimer [Zn], models according to the structures

optimized in 2. The H atoms in [Zn]; and [Zn], are not represented for clarity.

All these models were optimized by means of the Gaussian 03 software®® and the UB3LYP
hybrid method?®?’ using the LANLD2Z basis set?®* with a threshold of 107 a.u. in the potential
energy and 10° a.u. in the maximum nuclear force component (see the optimized atomic
coordinates in Tables S1-S10). The implicit solvent models were performed using the
Polarizable Continuum Model (PCM) via a set of overlapping spheres>’. Moreover, the models
were tested as potential energy minimum and their photo-absorption spectra were simulated
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using the Time-Dependent DFT approac (see the Supplementary information for

mathematical details).



For the simulations of the dimerization process, a new isolated model of a bimolecular
2[Zn]; system was reconstructed by forcing the hydrogen-bond interaction between every N—
H-:Oaco pair (Figure 3) by means of Gaussian 03 and using the previously mentioned DFT
method and basis set. From this structure, the potential free energy surface (PES) of the
dimerization process was generated by using the relaxed scan methodology over two catalytic
variables. In total, 121 structures (11 x 11 changing each variable around the starting values of
d1=4.03 A and d2 = 3.94 A) were optimized to calculate the PES and to predict the Minimum

Potential Energy Pathway (MPEP) followed by the system.

Figure 3. The bimolecular 2[Zn]; system reconstructed by changing the distances d1 and d2

around their respective equilibrium values.

RESULTS AND DISCUSSION
Stability of EA with ME and ZAD under different conditions

Several experiments were carried out in order to compare the stability of the freshly
prepared ink (EA+ZAD+ME) with those of the free ethanolamine (EA) and EA in 2-
methoxyethanol (EA+ME). In a first step, the samples were kept under illumination but
avoiding the contact with air. After 4 weeks, no modification was apparent in any of the

samples (Figure 4a).

Next, the samples were exposed to the action of air by uncovering the flasks. Figs. 4b to 4e
show the evolution of the appearance of the samples after 2, 4, 6 and 8 weeks in contact with
air under illumination. A slight change in the aspect of EA and EA+ME+ZAD was detected
during the first 3 weeks, while EA+ME remained colourless and transparent (Figure 4b). This

observation indicates that this ink is clearly more stable than those containing more rigid



aminoalcohols®’ already mentioned in the Introduction because, in the presence of ZAD and
ME, these produce black suspensions in a few minutes (if R = OH) or hours (if R = CH,OH) at

room conditions.

At the fourth week, the ink became cloudy and precipitated, while EA and EA+ME turned
yellowish and orange, respectively, suggesting that some chemical transformation was taking
place. As shown in Figures 4c to 4e, the colour change is more apparent in EA+ME, thus
indicating that the solvent ME plays a role in this process and perhaps determines the nature
of the products. Although some degradation by light may have occurred before the flasks were

uncovered, degradation was only visible when the samples were kept in contact with air.

To assess how important was light excitation in these degradation processes, in a third
experiment fresh samples were kept uncovered in the dark. After 4 weeks, the appearance of
EA and EA+ME was similar to that observed in the previous experiment, while the complete ink
showed less precipitate. Consequently, the presence of light mainly affects the sample

containing Zn.

In summary, these experiments demonstrate that the degradation of all three samples is
mainly due to reaction with some species contained in air, with a minor influence of light

excitation in the ink degradation. The following experiments are thus focused on identifying

the reacting species through the degradation products.




Figure 4. Pictures of EA (left), EA dissolved in
ME (centre) and the ZAD+EA+ME ink (right).
Freshly prepared (a) and after 2 (b), 4 (c), 6 (d)
and 8 (e) weeks of storage at room
temperature in contact with air and under

illumination.

A 'H-NMR experiment was performed for the 8-weeks degraded EA+ME sample (at the
centre in Figure 4e), to find out the degradation products. MeOD was used as solvent for NMR,
owing to the low solubility of the mixture. During specimen preparation, the deep orange
colour of EA+ME fainted giving a pale-yellow solution. This could be ascribed a) to the different
polarity of the solvent (MeOD, [y = 3.09 D) and ME (lp = 2.14 D), or b) to their ability to

establish intermolecular hydrogen-bond contacts with the species in solution.

The H-NMR spectrum (Figure S1, supporting information) suggests the coexistence of
several species in solution, as several singlets were detected in the range 6.8 — 8.5 ppm. Their
positions are compatible with the presence of protons bound to N atoms attached to —CO or —
COO arrays, as the carbamic acids, zwitterions and carbamates (see Scheme 1) recently
proposed by Kortunov®* when amines and aminoalcohols capture CO,. The nature of the final
products and their relative abundance are described to depend on a wide variety factors such

as temperature, amine or aminoalcohol concentration, solvent nature (specially its polarity



and its tendency to establish hydrogen bonds), and CO, partial. In turn, these complexes have
been reported to react with —OH groups and form several lactams and lactims with different
colouration®**. and the pH (and thus the presence of ME and MeOD) seems to influence the

tautomer ratio between them***’.

Hence, these observations suggest that ME promotes EA degradation even at room
temperature, while the precursor formed when ZAD is added to the EA+ME mixture®® contains
deprotonated EA which acts as an (N, O)” bidentate ligand that might stabilize EA. The
reactions proposed in Scheme 1 can explain the observed colours, as well as the presence (or
coexistence) of several compounds with —NHC(O)— functional groups detected by NMR in
EA+ME after long storage periods. Consequently, capture of both CO, and —OH seems

demonstrated.

© COOH
co, HO/ \E—l)/COO / \N/

HO NH, =5 HO

—

H, H
HO NHZR /%HO NH,

e)
/ \® / \ _coo
HO N/
H

HO NH,

Scheme 1. Degradation mechanism proposed for EA in the presence of CO,. Next reaction with

—OH would give lactams or lactims.

As a complementary experiment, Evolved Gas Analysis was used to elucidate the
composition of the samples before and after degradation under illumination in air. A variety of
mass fragments from m/z = 12 to 86 was detected from the inks, and their respective EGA

curves were classified according to their dependence on temperature®**®

. In particular, the
group related with m/z = 76 (Figure 5a) can be associated with some non-bonded and
degraded EA decomposition fragments®®. Our previous results support this possibility, since
some carbamate groups (with m/z = 76) have been detected by NMR at room temperature

(Scheme 1).

To confirm this hypothesis, the degraded samples were also measured by EGA. The peak
patterns obtained in this case were similar to the non-degraded ones, but the m/z = 76 EGA

signal appeared to be much more intense. As shown in Figure 5b, the degraded EA+ME



presents an m/z = 76 peak which is one order of magnitude more intense than the one in
Figure 5a (as indicated by the multiplication factors in both graphs), suggesting a more
relevant presence of carbamates (as no ME was added) as compared to deprotonated EA (m/z

= 60) and the other fragments.
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Figure 5. Normalized EGA signals of compounds related to m/z = 76 for freshly-prepared
EA+ME+ZAD (a) and EA+ME after 8-weeks degradation in air and light (b), with their

respective normalization factors in parenthesis.

Consequently, after degradation there is less EA while one of the degradation products (m/z
= 76, scheme 1) has clearly increased. Mass spectrometry of EGA can thus provide not only
gualitative but also quantitative clues of the ink degradation at room temperature by means of

the m/z =76 vs. m/z = 60 ratio.
Time-Dependent Density Functional Theory, TD-DFT, calculations

These experimental results support the proposed reaction mechanism (Scheme 1). However,
it is still not clear what prevents EA and EA+ME to degrade more under illumination, while the
complete ink does. In order to understand the influence of external factors -such as exposition
to light or air- on the mixtures stability and their tendency to react, computational studies

based on TD-DFT and Molecular Orbital (MO) calculations were undertaken.

For comparison purposes, an initial study of EA both in vacuum and in ME was carried out.

The results, summarized in Figure 6 and Table 1, revealed that:
i) the HOMO-LUMO gap energy is high (> 8.5 eV) in both cases;

ii) the first absorption bands involve mainly the electronic HOMO - LUMO transition;

and



iii) in ME, these bands shift to higher energies and the weight of the HOMO --> LUMO
transition increases as well as its oscillator strength, indicating a higher tendency of

this transition to occur.

Moreover, the contribution of the nitrogen 2p, orbital in the HOMO of EA+ME is higher than
for the isolated aminoalcohol (see Figure 6). This indicates that it becomes more nucleophilic,
and therefore more prone to react with CO,. This is consistent with the faster degradation of

EA+ME during storage in air.
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Figure 6. Frontier orbitals calculated with Gaussian for EA and EA+ME. Different close energy

levels with similar orbital scheme (as HOMO and HOMO-1 in EA+ME) are not marked with

arrows.
EA EA + ME

A (nm) Assignment Oscill. Str. | Wt. (%) A (nm) Assigment Oscill. Str. | Wt. (%)

HOMO-1 — LUMO -0.287 16 176.3 | HOMO — LUMO 0.687 94
1840 HOMO — LUMO -0.638 81 162.0 | HOMO — LUMO 0.701 98
167.9 HOMO — LUMO 0.683 93

HOMO-1 — LUMO 0.524 55
246.8

HOMO — LUMO+1 0.281 16
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Table 1. Excitation wavelengths (A) with their respective assignments, oscillation strengths and

probability weights, calculated by TD-DFT for EA and EA+ME.

Keeping these results in mind, the influence of CO,, ME and nuclearity on the stability of the
system with Zn at room conditions was analyzed. Since [Zn], seems only stable in crystals®,
and in solution [Zn], evolves to produce the monomer [Zn]; and the dimer [Zn],, we will skip
the tetramer simulation in this study and compare the results of [Zn], and [Zn], to infer the

influence of the nuclearity on the system stability.

The HOMOs and LUMOs of [Zn]; and [Zn], (Figure 7) are markedly different from those of EA
and EA+ME (Figure 6). In these Zn(ll) complexes, HOMO is concentrated on the 2p, orbital of
the deprotonated oxygen instead of the nitrogen atom of EA. So, it is the O and not the N atom
that will react with CO,. Besides, in [Zn];, the LUMO is basically Zn(ll) centred, while for [Zn], it
is mainly located on the donor atoms of the two bridging ligands (Figure 7). Concerning the
HOMO-LUMO gap, its value (5.7 eV for [Zn]; and 4.7 eV for [Zn],) decreases considerably in

relation to EA without Zn compounds (> 8.5 eV).

When considering the contact with ME, the energy required for the first electronic transition
is smaller -and closer to the visible region- for [Zn],+ME than for [Zn];+ME (Table 2) thus

suggesting that the dimer is more prone to undergo a photoexcitation than [Zn];.

CO, affects significantly the frontier orbitals of both [Zn], and [Zn],, mainly the LUMO. In
particular, for [Zn],+CO,, (Figure 7 and Table 2) the LUMO is mainly a Tt* orbital of the
bidentate AcO’ ligand, while it is basically Zn(ll) centred when the calculations are performed
for vacuum or in ME. Moreover, the contribution of the atoms of the bridging ligands and EA’s
N is also modified for [Zn],+CO,. Thus, carbon dioxide will react not only with the excited state
but it will act as an assistant during photoexcitation, leading to a destabilization of the
precursor. Also, in contrast with the presence of ME, the increase of nuclearity and the
presence of CO, makes increase the wavelength towards the visible range and its transition

probability.

Finally, the combined presence of both ME and CO, does not change significantly the
excitation wavelengths and probability weights of the monomer. On the contrary, for [Zn],, TD-
DFT calculations suggest that ME slightly reduces these two parameters independently of the
presence of CO,. Therefore, the dimer is found to be sensitive to ME and CO,, but, when both

are present, ME seems to dominate.
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In summary, these TD-DFT calculations have proved that:

i) ME and CO, induce significant and relevant changes on the properties and reactivity

of both [Zn]; and [Zn],, and

i) the dimer is expected to be more reactive and photosensitive than the monomer.
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Figure 7. Frontier orbitals HOMO and LUMO of the systems: [Zn], (top) and [Zn], (bottom), in vacuum and in presence of ME, CO, and both.

99

A (nm) Assigment Oscill.Str. | Wt. (%) A (nm) Assignment Oscill.Str. | Wt. (%)
269.1 | HOMO — LUMO+1 0.617 76 303.6 | HOMO — LUMO 0.704 99
[Zn];
HOMO — LUMO -0.380 29 3029 | HOMO — LUMO 0.706 100
[Zn], 252.6
HOMO — LUMO+1 0.587 69 286.3 | HOMO — LUMO+1 0.330 22
HOMO-1 — LUMO -0.326 21
246.8
HOMO-1 — LUMO+1 0.602 73
A (nm) Assignment Oscill.Str. | Wt. (%) A (nm) Assignment Oscill.Str. | Wt. (%)
[Zn];+ME HOMO — LUMO -0.416 35 [Zn],+ME 264.2 HOMO — LUMO -0.689 95
247.6
HOMO — LUMO+1 0.544 59 263.0 HOMO — LUMO 0.705 99
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HOMO — LUMO 0.642 82 253.0 | HOMO — LUMO+1 | -0.670 90
237.8
HOMO — LUMO+1 -0.274 15
236.0 HOMO-4 — LUMO -0.616 76
A(nm) Assignment Oscill.Str. | Wt. (%) A(nm) Assignment Oscill.Str. | Wt. (%)
HOMO — LUMO+2 0.275 15 HOMO — LUMO -0.582 68
2715 315.3
HOMO — LUMO+3 0.58468 68 HOMO — LUMO+1 0.375 28
[Zn],+CO,
HOMO-2 — LUMO 0.233 11 [zn],+CO, HOMO — LUMO 0.582 68
260.6 314.6
HOMO — LUMO 0.618 76 HOMO —LUMO+1 | -0.382 29
258.5 HOMO — LUMO 0.665 89 HOMO — LUMO+1 | -0.426 36
299.3
HOMO — LUMO+3 | -0.474 45
A(nm) Assignment Oscill.Str. | Wt. (%)
HOMO — LUMO -0.337 23
257.8
HOMO — LUMO+3 -0.582 68 A (nm) Assignment Oscill.Str. | Wt. (%)
[Zn],+CO,+ME | 253.0 HOMO-3 — LUMO 0.645 83 265.4 HOMO — LUMO 0.683 93
HOMO-2 — LUMO 0.460 42 [Zn],+CO,+ME | 264.2 HOMO — LUMO 0.695 97
247.3 HOMO — LUMO -0.393 31 HOMO — LUMO+1 0.525 55
254.0
HOMO — LUMO+3 0.27356 15 HOMO — LUMO+3 | -0.428 37

Chart 2. Excitation wavelengths (A) with their respective assignments, oscillation strengths and probability weights, calculated by TD-DFT for [Zn]; (left) and [Zn], (right)
alone and with ME, CO, and both.
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In view of these findings, the only thing necessary to finish describing the ink degradation is
the equilibrium ratio between monomers and dimers. Consequenlly, in order to get further
information on the relative stability of the two species, the study of the formation of [Zn],

from two isolated [Zn]; units was envisaged.
Dimerization

As shown in our previous paper®, the tetramer is the most stable species in solid state
whereas, in the ink, the dimer is found to be more abundant than the monomer. In this

section, simulations will confirm the higher stability of [Zn],.

Calculations based on Density Functional Theory (DFT) to elucidate the reaction path from
two infinitely separated monomers were carried out at 0 K. According to these simulations,
when one monomer approaches each other, the total energy of the system is reduced by 18.7
kcal/mol, due to the formation of hydrogen bonds between their [EA]-[Ac] pairs ([Zn];-[Zn],
state in Figure 8). As shown in Figure 8, the reaction goes through two acetate bridge
formations. First, both hydrogen bonds are maintained while the [Ac].g: approaches to the
Znie (state A in Figure 8). Then, the hydrogen bond between [Ac]e and [EA]ygn: is cleaved and
the first acetate bridge is formed (state B). Next, the [EA]jen—[AcC]ign: hydrogen bond is cleaved
and a new stable interaction is formed between both [EA], while [Ac],.« starts approaching to
Znyighe (state C). Finally, both acetate bridges are formed and the [EA],s—[Ac]sgn: bond is

maintained (state [Zn],). From 2[Zn]; to [Zn], the total energy diminishes around 50 kcal/mol.

This simulation indicates that dimers are highly preferred to monomers. Since, as seen in the

previous section, the dimer has smaller gap energy, it is more sensitive to degradation by light.
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[Zn]1—{Zn]1 A B

Figure 8. Potential energy surface with the most relevant structures during the dimerization

process.

CONCLUSIONS

The present paper has reported on a detailed study, relying on experiments as well as on
computational simulations, on the stability of an ink based on ZAD+EA for generating ZnO
films. It has been shown that degradation is mainly driven by reaction of EA with atmospheric
CO,, and that EA reactivity increases when it is dissolved in ME and, even further, in the
EA+ME+ZAD ink. This has been explained by TD-DFT calculations as due to the fact that N and
O atoms of deprotonated EA become more nucleophilic in EA+ME and in EA+ME+ZAD,
respectively. The diminution of EA concentration in the degraded ink has been seen by EGA

and NMR experiments, which also delivered information about the degradation products.

Experiments have also shown that reactivity with CO, is affected by illumination mainly

when the sample contains Zn. In fact, the energy required for the first electronic transition

17



decreases when EA+ZAD comes into contact with ME but CO, destabilizes the precursor, acting
as assistant during photodegradation. Finally, calculations make clear that the dimer is less
stable under photoexcitation than the monomer. This is relevant because, in solution, the

monomers tend to combine into dimers. The reaction path of this process has been elucidated.

In conclusion, for the first time, degradation of a sol-gel ZnO precursor ink containing EA has

been described, and the factors influencing its stability have been detailed.
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Table S9. Final atomic coordinates (in A) of the optimized [Zn]2+CO2.
Table S10. Final atomic coordinates (in A) of the optimized [Zn]2+ME+CO?2.

Fig. S1. Partial view of the 1IH-NMR spectrum (400MHz) in the range 6.7 < 6 < 8.7 ppm of the

sample containing EA+ME after 8 weeks exposed to light and air.
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MATHEMATICAL DETAILS FOR CALCULATIONS

Time-Dependent Density Functional Theory (TD-DFT) method® is based on the excitation
energy calculations from the eigenvalues of the matrix H?H", where H" and H? are the

Hessian’s real and imaginary orbitals respectively,
o= H"E"X (1)

Kohn and Sham™* (KS) developed a method to approximate the expression of the Energy
functional. This method is a fictitious system S of non-interacting electrons, chosen to have the

same density as the physical system. The total Hamiltonian (HKS) is then the sum of all

monoelectronic hamiltonians, fi,.., applied to every spin-orbital, i , generating the ground

state wavefunction, i . The results are the expressions known as the KS equations:

olalyi-e g

. I . I?Tl:l'_l.l
Aolal= ¥ iy Jar IR LIS
nir) - EH{_u S R ()

_Ircfrmrj = 2)

The main objective of the DFT method is then to find the suitable energy that minimizes the
expression of EKS. From the form of the Schrédinger equation one can see that the energy
functional contains three terms: the kinetic energy (T), interaction with the external potential
(Vex), the Hartree potential (V,) and the electron-electron interaction (V..), and thus one may

write the functional as E =T + V., + V, + Ec.

This set of non-linear equations (the KS equations) describes the behavior of non-interacting
"electrons" in an effective local potential. For the exact functional, and thus exact local
potential, the "orbitals" yield the exact ground state density and exact ground state energy.
The KS approach achieves an exact correspondence of the density and ground state energy of
a system consisting of non-interacting fermions and the "real" many body system described by

the Schrodinger equation.

For calculations in which the energy surface is the quantity of primary interest, DFT offers a
practical and potential highly accurate alternative to the wavefunction methods. In practice,
the utility of the theory rests on the approximation used for the exchange-correlation

functional, E,..
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Thus, using the same nomenclature as in reference *°, the virtual orbitals are labelled as a, b,
c; where i, j and k are the occupied orbitals and p and q are any molecular orbitals (virtually

occupied). The excitation energy derivative AE is thus:

_él_[!ll
' X

T i (3)

AE Ll g e ™ x| e
& 1AE ) b 2

The calculation of the electronic energy derivative leads to the optimal algorithm as follows:

:‘i - E:r"fjl-i" ' EI.-%._.ux:'[ﬂﬁ?ﬁ]ﬁ + E'.i-’__l.“s-:-" " 5: "

v vl Wi

Where h}‘ag and (aB|yd)" are the derivatives of the one- and two-electron integrals in the
atomic orbital (AO) basis, respectively, and S is the derivative of the overlap integrals. The
coefficients y and I are the relaxed one- and two-particle density matrices, respectively, and

E,. contains the exchange-correlation functional terms.
The operator d/dA is presented as:

d  ..é ., 8
dr ri',f:l -'_'-"-E (5)

And every component of the algorithm:
Loy, =00 i (6)

being the ground-state one-particle density matrix

ni - %100, (7)
2. W - ;E By a.x ] o - iE.—,-f"-:-'-'l-'D:- I (8);

il [

W -;E:Hﬂ,rﬁ_ Ax] o

(9a)
wro- A, By, D
- (9b)
Wi--Nucc,
' . (9c)
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Table

0.0305170000

0.0349490000

1.3323420000

2.1440200000

1.1379840000

2.0290510000

0.9527120000

1.6294880000

-0.2414220000

-0.1028580000

-0.6444520000

0.0748430000

-0.0416000000

-0.0048700000

-0.5401660000

-0.5907340000

-0.4279560000

-1.6772700000

1.0469700000
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0.6865030000

0.2344940000

0.0216300000

2.8116230000

2.0991570000

2.6222040000

0.6859760000

0.0705240000

0.7521770000

2.0075440000

3.1535880000

3.5058450000

0.7252210000

S1. Final atomic coordinates (in A) of the optimized EA.

1.3566950000

-1.3376760000

-0.6386140000

-1.1056860000

0.8255400000

1.4488240000

0.8769420000

-0.6582390000

-1.6352460000

-2.1004880000

0.5625090000

-0.7090970000

-0.5558150000

0.7029860000

1.6079240000

0.5960990000

1.3669070000

0.7099100000

0.7896700000

-0.5959930000

-0.8033830000

-1.3060620000

S6

-0.1552430000

0.1213550000

-0.2416010000

0.1770870000

0.2364550000

-0.2279430000

1.3309520000

-1.3342910000

1.0953640000

-0.5045630000

-0.1132790000



Table S2. Final atomic coordinates (in A) of the optimized EA+ME.

Zn

5.510948560810

4.896293723616

7.756197454255

8.536616791289

4.834111427559

4.766333486044

3.868923213076

6.462350899533

8.754673104150

9.495199563006

7.949582123988

4.990329109360

6.509566628423

6.474494843641

8.377217951871

5.690514423958

6.502643634282

5.834944173996

4.230430816229

5.641963678690

5.732695548846

5.774222432280

3.514328376887

5.979912253554

5.561986171347

4.265922557223

6.827617325212

5.249936928928

5.349260503299

3.476134862775

3.036400131345

5.729174644932

5.724121694991

6.566593305444

5.726063017071

3.808230870638

5.112007398233

5.151391109096

9.433710573137

10.724128228751

4.611525770599

4.102057690633

5.585895507211

4.556429961127

10.965492590293

10.613328954057

11.548773858021

6.990428939910

6.523513230069

9.460804830659

8.311722035561

5.853832901811

7.351478852678

6.507485633611

Table $3. Final atomic coordinates (in A) of the optimized [Zn];.

c

c

2.8459670000

2.8527580000

0.7122610000

-0.5956340000
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-0.3867440000

0.4485470000



Zn

Table S4.

Zn

-2.4144260000

-3.9275110000

3.6955550000

3.7396330000

2.9783790000

2.9195400000

-4.3178460000

-4.2844310000

-4.3112290000

1.5204460000

1.3428030000

-1.7097940000

-1.7479520000

1.6510330000

0.1429480000

1.5345280000

0.0674070000

0.1047110000

1.3543770000

-1.1766820000

-0.3337290000

0.4643920000

-0.8375860000

0.1928550000

0.9300290000

1.9643160000

2.0835120000

0.6760910000

-0.6251770000

-1.3729960000

-0.1948940000

1.4356470000

0.0427130000

0.0096250000

-0.1169360000

0.1465280000

1.5168410000

-1.4518290000

0.4162160000

-1.0209460000

0.6131170000

0.6831900000

-0.9617510000

0.9737480000

-0.8709350000

0.2421180000

-0.0635850000

-0.1944550000

Final atomic coordinates (in A) of the optimized [Zn];+ME.

-0.6263380000

1.4715790000

0.7651470000

-2.1875810000

-1.4989340000

-2.9497410000

-3.4792900000

-0.7430500000

-0.1950690000

-2.2011190000

-0.5699220000

0.6529070000

0.6340400000

1.5346230000

S8

-0.1488900000

-0.2946010000

0.3822800000

-1.2054890000

1.2450270000

0.8208440000

1.1641940000



Table S5.

Zn

-3.0408280000

-4.0896890000

-2.7835830000

-3.4055470000

1.7688180000

3.1910760000

3.4202150000

3.3124730000

3.8827660000

-1.0374360000

-1.3871380000

1.8477490000

0.7290340000

2.9652550000

Final atomic coordinates (in A) of the optimized [Zn];+CO,.

-0.7050290000

1.4929450000

0.7258400000

-2.3700400000

-1.4619840000

-2.9304850000

-3.3979600000

-3.1255310000

-4.2019730000

0.4824760000

0.2610800000

1.4506080000

-0.2448760000

-1.4004030000

-1.8715440000

-2.5560180000

-2.4317640000

-1.0274330000

1.5444150000

0.4468190000

2.4933460000

2.5460500000

2.5095870000

-0.7483270000

-0.2616560000

-2.2269560000

-0.6800390000

0.8628730000

0.8578010000

1.8245150000

0.4956520000

0.3245750000

S9

-0.7252120000

-0.9781350000

-1.1973690000

1.2926160000

0.1124160000

0.2491140000

-0.5776850000

1.1815390000

0.2129280000

1.0347850000

2.2391890000

-0.1154580000

0.3035370000

-0.5195750000

-0.0887900000

-0.3404770000

0.4084070000

-1.0786760000

1.1206180000

0.7860700000

1.0189970000

-0.7093180000

-0.8733450000



Table S6. Final atomic coordinates (in A) of the optimized [Zn];+ME+CO,.

Zn

-2.8315660000

-3.3970680000

1.7470820000

3.1545510000

3.3218430000

3.2929480000

3.8841520000

-0.9902750000

-1.3011170000

2.0498360000

0.9011380000

3.2042480000

0.9903640000

3.2811270000

0.4697590000

5.1519720000

3.6266800000

4.1534900000

0.0539600000

1.0868890000

3.2389430000

0.2329530000

1.7332630000

1.3657390000

0.0858600000

-1.4614220000

-1.9865220000

-2.7646870000

-2.4484720000

-1.1871020000

1.7168680000

0.7504760000

2.4655010000

2.6237570000

2.3593770000

0.9592310000

0.6507700000

2.5322090000

-0.6664660000

-1.0109900000

-1.1317640000

1.8325740000

3.5735470000

-0.4362760000

2.9547080000

-0.7495790000

S10

-1.3273700000

1.4090350000

0.0932950000

0.2239500000

-0.5313540000

1.2071560000

0.0805290000

0.8082910000

2.1232690000

-0.1556960000

0.1232440000

-0.4282050000

-1.8502540000

1.1452350000

-3.9540360000

0.2963230000

-1.0947920000

0.2365330000

-1.9683280000

-2.6703500000

1.2900260000

-2.9713860000

-1.0770980000



Zn

3.5755160000

1.0921540000

1.8116030000

4.2712710000

-0.6671370000

-1.0386360000

1.6752770000

-1.7689360000

-0.5071480000

-1.4520590000

-1.3745340000

-1.7803820000

-3.7581870000

-0.8349100000

-2.4416100000

-1.0313650000

0.2431850000

-3.1964550000

-2.5675580000

-1.7225040000

-2.2826050000

-3.3053660000

-3.7801060000

-2.1918090000

-0.9870990000

-0.6628930000

-0.2733560000

-0.8530360000

-2.1976850000

3.5693780000

1.8040970000

-1.8307320000

-0.2147820000

0.4283010000

0.4192310000

0.7165920000

-1.2966600000

0.1871020000

1.2618060000

-3.7594850000

-2.1320970000

-2.0105540000

1.0157060000

1.6029550000

-3.3055540000

-2.9412580000

1.7164090000

1.6953750000

2.5950430000

-4.0418760000

2.3140050000

1.5530820000

1.0669080000

0.5227210000

-3.0292420000

-1.2590070000

1.3416570000

3.3693580000

1.8121640000

0.1120260000

2.9165390000

-0.8355840000

1.4385160000

3.7078630000

-1.4777680000

-1.4974470000

-1.6217130000

1.2225050000

2.4670000000

-2.1671650000

-3.0378490000

3.2748070000

0.7306060000

2.1908700000

-2.4967440000

Table $7. Final atomic coordinates (in A) of the optimized [Zn],.
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Zn

Zn

-1.0857360000

-2.0319400000

-0.6882430000

-4.4177590000

-3.6235350000

-3.7222340000

0.0356550000

-0.4099840000

-2.3441110000

-0.0092010000

-1.8424390000

-2.4125600000

-0.3170850000

-1.3042510000

-4.1174080000

0.9871490000

1.1949270000

-1.3945470000

2.6256290000

1.3235400000

1.6351340000

2.5305400000

1.0536560000

3.9722990000

2.5213530000

-0.9868340000

2.7877350000

-2.9572370000

2.4978200000

0.5562630000

1.9156470000

-1.3580730000

-1.4379390000

2.6355200000

-2.1013610000

-0.1637560000

3.6207660000

2.0055690000

1.7674560000

1.9426840000

-2.4404070000

-1.1201440000

1.7827060000

2.7371770000

1.8350700000

-0.1086690000

2.5660600000

-1.3356830000

0.2884090000

3.5525630000

S12

1.6895540000

0.9406340000

3.4570000000

0.5077370000

0.3602180000

-0.1214210000

2.2165410000

4.3142190000

-0.1009050000

3.5383610000

-0.0057500000

-0.5863900000

-0.4839470000

-0.7493100000

-1.1570930000

3.8282410000

1.6786660000

-1.7690500000

-1.3798310000

0.0137150000

-0.0137710000

-0.2907200000

-1.4990070000

-1.2466690000

0.1996420000



H

Table S8.

Zn

0.6632880000

-0.0737100000

-1.2258170000

3.7172500000

3.7796430000

-0.0188060000

0.3767350000

4.7034140000

4.3442180000

3.7748230000

-1.0141700000

-2.5140940000

-1.8232230000

-1.4922300000

0.3674700000

1.8007380000

-2.8522970000

-3.7950810000

2.2910720000

-0.2311270000

1.7780550000

-3.0300100000

-3.8211660000

-1.9201840000

-1.4354780000

-0.2575980000

0.2104090000

-3.0342650000

-2.6355600000

-0.1264600000

0.2845680000

1.3062110000

-3.4463110000

Final atomic coordinates (in A) of the optimized [Zn],+ME.

0.0000000000

3.7860640000

-1.4675420000

4.4031910000

2.3827510000

3.7510050000

-0.8445160000

-1.0303810000

3.9400510000

-1.5347440000

1.1930120000

4.9578180000

2.7427940000

0.0000000000

0.0000000000

2.0783000000

0.3365100000

-0.2026140000

-0.5255790000

0.2446810000

2.2256980000

-0.8973120000

1.5919990000

-1.0918030000

-1.2744170000

-1.9849220000

S13

0.0000000000

0.0000000000

0.0000000000

-2.3337190000

-2.4186600000

-2.1149920000

0.9307470000

1.7172110000

-0.6129520000

0.9753280000

-1.2179170000

-0.4264650000

0.8244890000



Zn

2.8934980000

4.1069920000

-2.5768250000

-1.1163730000

3.1005840000

2.4940040000

1.8207600000

-0.1004830000

2.1123900000

-0.7297310000

-0.2505540000

2.8863970000

-1.7852990000

-0.7528190000

-0.1078430000

-0.3392400000

0.8487820000

-1.6085540000

-2.5766750000

1.0172720000

-1.2244580000

0.6179560000

-1.1313710000

-3.3387600000

-2.8405200000

-3.8831230000

1.7491120000

-1.8953680000

-1.3729370000

1.4811790000

-0.6260930000

-2.8278160000

-3.7238850000

-2.4566290000

-2.3703580000

-2.6971970000

-3.5276900000

-4.1688740000

-2.0034390000

-5.3664820000

-3.4726660000

-2.6026230000

-3.1495390000

-2.5114340000

-4.4880230000

-4.0278020000

-2.9257470000

-2.8733300000

-1.4436370000

-4.7681890000

-0.6047260000

-1.5126060000

0.2971340000

-5.2329130000

S14

-0.2021320000

-2.7362320000

1.2853680000

1.8743550000

-0.5713790000

3.8303300000

2.2979230000

1.9307010000

3.6872240000

0.4411250000

3.8698780000

4.0529920000

-0.9708530000

-0.8616990000

-1.5538150000

3.8991820000

4.5742330000

-1.5957910000

-1.8338760000

5.5787230000

4.3276600000

4.6740380000

-2.5387480000

3.6195260000

4.2136990000

3.0672820000

1.3194880000



(o]

(6]

Table $9. Final atomic coordinates (in A) of the optimized [Zn],+CO,.

Zn

Zn

1.1809740000

2.3230620000

0.2138410000

2.8412910000

-1.1953590000

4.8241210000

3.4546270000

4.3014510000

-1.0705910000

-2.4231470000

3.4835810000

-1.8621710000

1.8897180000

4.1563880000

1.7773350000

2.5863730000

5.0785730000

-2.5905950000

-1.7328660000

3.1058280000

-0.5210340000

0.1874470000

-1.0065080000

-5.5381630000

-4.9943260000

-2.4001350000

-0.5584050000

-4.4434660000

-1.8573250000

-2.2626000000

-1.3395020000

-2.3210520000

-3.4601950000

-0.1702600000

-3.5835700000

-1.3303860000

0.5844270000

0.9692880000

0.4175450000

-0.9118690000

-3.7535410000

-1.2088100000

1.0085460000

3.6073910000

1.6832120000

0.6784170000

S15

2.3248710000

0.3030870000

-0.3615390000

-2.7366060000

-0.8050240000

-2.1436810000

-0.5993280000

-1.3213920000

-0.4334790000

-1.6544050000

-1.9355920000

-0.7202440000

0.1131180000

-2.3703060000

-1.2573330000

-0.8900890000

-0.6567650000

0.0796120000

-0.2821340000

-0.2358980000

-1.7526400000

-1.2900350000

-0.0705790000



-0.5450650000

-0.3337560000

-2.7522960000

-0.0960110000

0.1749980000

0.5728540000

1.4302890000

-2.5899750000

-2.0228250000

0.6098470000

0.0183690000

-2.6056960000

-3.4633740000

-2.0782120000

1.6358180000

-4.6640110000

-4.7517230000

-4.6099530000

1.0805760000

0.0349840000

2.1496170000

2.5793020000

0.7399080000

2.6977340000

2.6060180000

1.2795360000

0.1051700000

-0.7076590000

1.8379120000

2.1399250000

0.3133060000

-0.4765690000

2.9136020000

1.3087380000

1.2140240000

0.2399310000

-1.2760480000

-0.2630330000

-2.2860830000

3.4259940000

3.9991920000

2.9014330000

S16

-2.1554410000

1.8448600000

-0.4112880000

-3.1611800000

4.2947460000

2.5252750000

2.0006010000

-0.9425890000

-2.3034530000

4.0284700000

4.5103130000

-2.8219960000

-0.9903930000

-2.8882080000

4.3987310000

0.2660580000

-0.3568050000

0.8944340000

0.8752140000

0.8511380000

0.9491060000

Table $10. Final atomic coordinates (in A) of the optimized [Zn],+ME+CO,.
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Fig. S1. Partial view of the "H-NMR spectrum (400MHz) in the range 6.7 < 6 < 8.7 ppm of the sample containing

EA+ME after 8 weeks exposed to light and air.
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