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Metal-EDTA complexes commonly exist as biological redox reagents. We have generated a series of such
complexes, [EDTA-M()]~ (M = AL, Sc, V-Co), via electrospray ionization and characterized them by cryogenic
mass-selected negative ion photoelectron spectroscopy (NIPES) and quantum chemical computations.
Experiments clearly revealed one more spectral band at low electron binding energy for transition metal
complexes with d electrons (M = V-Co) compared to those without d electrons (M = Al and Sc). Quantum
chemical calculations suggested that all of the metal complexes possess hexacoordinated metal-ligand
binding motifs, from which the calculated adiabatic/vertical detachment energy (ADE/VDE) and band gaps
are in good agreement with experimental values. Direct spectrum and electronic structure analyses indicted
that [EDTA-V(i]~ can be easily oxidized to [EDTA-V(v)] with the smallest ADE/VDE of 3.95/4.40 eV among
these metal complexes, but further oxidation is hindered by the existence of a 2.30 eV band gap, a fact that
accords with the special redox behavior of vanadium-containing species in biological cells. Spin density and
molecular orbital analyses reveal that [EDTA-V(i)]~ was overwhelmingly detached from the vanadium atom,

Received 9th March 2018, in stark contrast to [EDTA-Sc()/Al(n]~, where the detachment occurred from the EDTA ligand. For all other

Accepted 2nd July 2018 metal complex anions, from M = Cr to Co, the detachment process is derived from contributions from both

DOI: 10.1039/c8cp01548a the metal and ligand. The intrinsic electronic and geometric structures of these complexes, obtained in this
work, provide a molecular foundation to better understand their redox chemistries and specific metal

rsc.li/pccp bindings in condensed phases and biological cells.

Introduction ubiquitous electron donor-type ligand, capable of chelating with

almost every metal cation in the Periodic Table by two nitrogen
Ethylenediaminetetraacetic acid (H,EDTA) is an interesting and atoms and three or four carboxyl groups, forming stable and
remarkable tetrabasic acid. Its conjugate base, EDTA*", is a soluble chelate complexes (see Fig. 1)."” Increasing the EDTA
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Fig. 1 (a) Acid—base dissociation equilibrium constants of ethylenediamine-
tetraacetic acid (H4EDTA), (b) schematic structure of H4EDTA, and (c) typical
binding motif in metal EDTA complexes.

ligand concentration can shift the balance of metal ions among
the dissolved, absorbed, and precipitated phases, which con-
sequently can influence the redox potentials of metal ion redox
couples and can alter the bioavailability and migration rates of
metal ions. Metal-EDTA complexes have been widely used in
numerous applications ranging from analytical titrations*® and
wastewater treatments® "> to biological catalysts,'®>* as well as in
medicine chemistry® and in agriculture®*?* and the food industry.>®
They have also been suggested to play important roles in regulating
redox behaviors in biological cells. For instance, several ascidian
species are well known as being able to accumulate vanadium
in the +5 oxidation state from seawater and to store vanadium
in their blood cells in the +3 oxidation state at extremely high
levels. During the accumulation process, V" is reduced to V"
via VV.>"8 Previous research found that cysteine itself cannot
reduce V"V to V"', but cysteine ester (CysMe) can reduce V" to
V™ with the assistance of EDTA.”

Metal-EDTA complexes have been extensively studied using
a variety of techniques, including cyclic voltammetry, mass
spectrometry,*>*' EPR,*>*?® NMR,**” FTIR,"***° FT-Raman
spectroscopy,’>*' and X-ray crystallography.*>** These studies
have built an extensive body of literature on their geometric
structures in crystals and liquids, and shown, in some cases,
different coordination modes in different phases. For example,
crystalline [EDTA-Fe(m)]” forms approximately pentagonal
bipyramidal structures with a hexadentate EDTA and one water
molecule coordinated as the seventh ligand, while solution
phase [Fe(m)-(HEDTA)] adopts an overall six-coordinate geometry
with a pentadentate EDTA containing one uncoordinated -COOH
group and one water molecule occupying the sixth position.*>**>°
Despite the extensive structural characterizations mentioned
above, there have been no reports on probing the intrinsic
electronic structures and bonding characters of these ubiquitous
complexes in the gas phase, which are the key molecular proper-
ties to define and control their biological functionalities, and to
understand the underlying redox mechanism and chemistries. In
this work, we carry out a combined negative ion photoelectron
spectroscopy (NIPES)>' and quantum chemical computational
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study on a series of EDTA-metal complexes, [EDTA-M(u1)]™
(M = Al, Sc, V-Co) as well as [EDTA-H;] ", to probe their intrinsic
electronic structures, geometries, and frontier MO properties
that are directly relevant to the aforementioned numerous
applications of these complexes in solutions and cells.

Experimental methods

The NIPES experiments were performed by using the PNNL
cryogenic magnetic-bottle time-of-flight (TOF) photoelectron
spectrometer coupled with an electrospray ionization source.>
[EDTA-H;]~ and [EDTA-Fe(u)]~ ions were produced by spraying a
freshly prepared ~0.1 mM solution of disodium EDTA salt, and
EDTA ferric sodium salt dissolved in mixed H,O/CH;CN (1:3)
solvents, respectively. [EDTA-Co(u)]” was generated by spraying a
mixture of ~0.1 mM solution of hexamminecobalt(m) chloride
and disodium EDTA salt dissolved in mixed H,O/CH;CN (1:3)
solvents. Other [EDTA-M|~ (M = Al, Sc, V, Cr, Mn) complexes were
produced by spraying into the gas phase an ~0.1 mM mixture
solution of the corresponding metal chloride and disodium EDTA
salt dissolved in H,O/CH;CN (1:3) solvents.

The produced anionic complexes were guided by quadrupole
ion guides into a cryogenic 3-D ion trap, where they were
accumulated and cooled for 20-100 ms by collisions with cold
buffer gas (20% H, balanced in helium) before being pulsed out
into the extraction zone of a TOF mass spectrometer. In this
work, the trap was operated at 20 K to eliminate the possibility of
the appearance of extra spectral peaks due to hot bands in the
NIPE spectra and to improve energy resolutions. The ions of
interest were then each mass-selected and decelerated before
being photodetached by a laser beam of 157 nm (7.866 eV) from
an F, excimer laser. The laser was operated at a 20 Hz repetition
rate with the ion beam off at alternating laser shots, enabling
shot-to-shot background subtraction to be carried out. Photo-
electrons were collected at ~100% efficiency by using a
magnetic bottle and analyzed in a 5.2 m long electron flight tube.
The recorded TOF photoelectron spectra were converted into
electron kinetic-energy spectra by calibration with the known NIPE
spectra of I >* and Au(CN), .>* The electron binding energy (EBE)
spectra presented in the paper were obtained by subtracting the
electron kinetic energy spectra from the energy of the detaching
photons. The energy resolution was about 2% (i.e., ~20 meV
for 1 eV kinetic-energy electrons).

Computational methods

Quantum chemical calculations were performed using the
Gaussian 09 program suite.>® Density Functional Theory (DFT)
calculations with several different functionals, ie. M06-2X,
B3LYP, BHLYP, PBEO, and CAM-B3LYP, were conducted for all
[EDTA-M(m)]~ complexes. The full calculations using these five
different functionals for all systems are provided in the ESI}
of this manuscript. Table S1 (ESIt) indicates that geometry
optimization using different functionals yields consistent and
similar structures for all anion complexes. However, by comparing
the calculated vertical/adiabatic detachment energies with the
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experimental values, Table S2 (ESIT) shows that M06-2X yielded
better results for M = Hj, Al and Sc, but PBEO worked overall
better for M = V-Co. This preference of choice of functionals
for energetic calculations, ie., PBEO for complexes explicitly
containing 3d electrons, and M06-2X for molecules without
d electrons, is in accord with recent theoretical studies,” and
has been commonly practiced.’*>® Therefore, unless stated
otherwise, we present, in the main text, the computational
results obtained by employing the MO06-2X functional for
[EDTA-M(m)]” (M = Hj, Al, Sc) and the PBEO functional for
[EDTA-M(m)]™ (M =V, Cr, Mn, Fe, Co). The 6-311+G(d,p) basis
set was used for all atoms. Different spin states were also
considered for complexes with unpaired 3d electrons (Table S3,
ESIt). Structures were optimized using tight convergence criteria
without any symmetry restrictions. Harmonic vibrational
frequency analyses were carried out to confirm that all structures
were real minima. Theoretical vertical detachment energies
(VDEs) were calculated as the electronic energy differences
between the neutrals and anions both at the optimized anion
geometries, while theoretical adiabatic detachment energies
(ADEs) were calculated as the electronic energy differences
between the neutral and anion at each optimized geometry
and including zero-point energy corrections. The excited state
energies of the neutral complexes, accessible via photodetaching
the corresponding anions, were calculated using time-dependent
DFT (TDDFT) at the anion’s geometries. In light of the known
fact that different methods can, in many cases, give rise to
different calculated results,”®" in particular, several recent
theoretical studies have shown the inaccuracy of the MO06
method,**"®* we compare the simulated spectra using different
methods with the experimental spectra in the computational
results and discussion section F.

Experimental results

Fig. 2 presents the 20 K 157 nm NIPE spectra of [EDTA-H;]™ and
[EDTA-M]™ (M = Al, Sc, V-Co). Two spectral bands, labeled as A
and B in the EBE range of 6.0-7.5 €V, can be seen in the M = Al
and Sc spectra; and, there is an extra feature X at a lower EBE
with relatively low intensity that appears for each M = H; and
V-Co complex besides the A and B bands. These observed
bands represent the transitions from the electronic ground
state of the anions to the ground and excited states of the
corresponding neutrals. There is a one-to-one correspondence
between the spectral peaks (X, A and B) among all metal EDTA
complexes, as labeled in Fig. 2, except for the absence of peak X
in the spectra of [EDTA-Al(m)]” and [EDTA-Sc(m)]™ that do not
have excess d electrons on the metal centers. The experimental
1st VDE values, estimated from the first peak maximum in each
spectrum, are 6.65 + 0.10, 6.65 + 0.10, 4.40 £ 0.10, 5.40 £ 0.10,
5.32 £ 0.10, 5.72 £+ 0.10, 5.50 + 0.20, and 5.35 + 0.10 eV for
[EDTA-M]™ (M = Al, Sc, V, Cr, Mn, Fe, Co), and [EDTA-H;3]~
(Table 1), respectively. Since no vibrational features were resolved
in the spectrum, the experimental ADE was estimated by drawing
a straight line along the leading edge of the threshold band and
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Fig. 2 Low-temperature (20 K) photoelectron spectra of [EDTA-Hz]~ and
[EDTA-M(m]~ (M = AL, Sc, V-Co) at 157 nm (7.866 eV).

then adding the instrumental resolution (fwhm) to the electron
binding energy at the crossing point between the line and
the EBE axis. The ADE values are 6.10 + 0.10, 6.25 + 0.10,
3.95 + 0.10, 4.90 + 0.10, 4.85 + 0.10, 5.40 & 0.10, 4.85 + 0.10, and
4.80 £ 0.10 eV for [EDTA-M]™ (M = Al, Sc, V, Cr, Mn, Fe, Co) and
[EDTA-H;]™ (Table 1), respectively. Among all of the complexes,
[EDTA-V(u)] possesses the lowest ADE/VDE (3.95/4.40 eV) and
the biggest X-A energy gap (~2.30 eV); [EDTA-Fe(m)]  has the
highest ADE/VDE (5.40/5.72 €V) among those with d electrons.

Computational results and discussion

Quantum chemical calculations were carried out to elucidate the
geometric and electronic structures of the EDTA-metal complexes,
and to assign the observed spectral bands. The optimized structures
for the [EDTA-H;]” and [EDTA-M(m)]” anions and their corres-
ponding [EDTA-H;] and [EDTA-M(m)] neutrals are shown in Fig. 3
with their key bond lengths listed in Table 2. The calculated ADEs/
VDEs for the most stable isomers are given in Table 1 in comparison
with the experimental values. The excitation energies were obtained
by TDDFT calculations, and the resultant simulated spectra based on
the lowest isomers are compared with the experiments in Fig. 4.
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Table 1 Experimental adiabatic/vertical detachment energies (ADEs/VDEs), X—A energy gap (AE), and calculated ADEs/VDEs for [EDTA-H3]~ and

[EDTA-M(@m)]~ (M = AL, Sc, V-Co) (in eV)

M H; Al Sc \Y% Cr Mn Fe Co
Expt. ADE” 4.80(10) 6.10(10) 6.25(10) 3.95(10) 4.90(10) 4.85(10) 5.40(10) 4.85(10)
Expt. VDE* X 5.35(10) 4.40(10) 5.40(10) 5.32(10) 5.72(10) 5.50(20)
A 6.20(20) 6.65(10) 6.65(10) 6.70(10) 6.65(10) 6.50(10) 6.60(10) 6.50(10)
B ~7.20 7.30(10) 7.40(10) ~7.20 ~7.35 ~7.20 7.10(10) ~7.20
Calc. VDE? Iso I 5.32 6.62 6.67 4.47 5.47 5.12 5.61 5.41
Iso II 5.43 5.69
Iso III 5.32
Calc. ADE? Iso 1 4.80 5.62 5.80 3.85 4.86 4.40 5.26 5.11
Expt. AE 0.85 0.65 0.75 2.30 1.25 1.18 0.88 1.00

@ Numbers in parentheses represent experimental uncertainties in the last digits. * M06-2X/6-311+G(d,p) values for [EDTA-H;]~ and [EDTA-Al/Sc];
PBE0/6-311+G(d,p) values for [EDTA-M|~ (M = V-Co). ¢ See Fig. 3 for the structures of different isomers.

(a) [EDTAH,]-

(b) [EDTA<H,]

C
$52 A5
9 69 9
Iso I, C; Iso 11, C, Iso III, C;
0.00 eV +0.08 eV +0.21 eV
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[N
J
1 'Y
2 J
Iso A, C, Iso B, C; Al, Sc V-Co

Fig. 3 Optimized structures of [EDTA-H3]~, [EDTA-M(i)]~, and their corresponding neutrals (M = Al, Sc, V-Co) (H, light grey; C, dark gray; O, red; N, blue).

Table 2 Selected bond lengths (A) for the optimized structures of [EDTA-M()]~* (M = AL, Sc, V-Co)

Al(m)® Sc(m)® V(m)? Cr(m)® Mn () Fe(ur)? Co(u)®

Anion Neutral Anion Neutral Anion Neutral Anion Neutral Anion Neutral Anion Neutral Anion Neutral
EDTA-M(u1) A ’A A A . ’A ‘A A A ‘A °A °A A A
Axial — (21) (A) 1.889 1.835 2.074 2.167 1.977 1.889 1.958 1.857 1.906 1.875 2.004 1.844 1.901 1.838

-0(31) (A) 1.889 1.806 2.074 1.995 1.977 1.889 1.958 1.857 1.906 1.875 2.004 1.844 1.901 1.838

M

M
Equatorial M-O(7) (A

M

M

Equatorial

Al 1.834 1.89 2.046 1.984 1.985 1.852 1.974 1.85 1.961 1.845 1.946 1.872 1.898 1.84
(16) (A) 1.834 1.773 2.046 2.004 1.985 1.852 1.974 1.85 1.961 1.845 1.946 1.872 1.898 1.84

-N(1) (A) 2.137 2.782 2.35 2.318 2.185 2.168 2.099 2.118 2.325 2.055 2.252  2.239 1.949 1.98

M-N(10) (A) 2.137 2.061 2.35 2.898  2.185 2.168  2.099 2.118  2.325 2.055 2.252 2.239  1.949 1.98

7 M06-2X/6-311+G(d,p) values. * PBE0/6-311+G(d,p) values.

A. Optimized structures of [EDTA-H;]” and [EDTA-H;]".
Three low energy isomers with the singlet ground state (*A)
and C; symmetry are identified for [EDTA-H;]". In the most
stable isomer (Iso I), one oxygen from the carboxylate group
(-COO7) acts as a double acceptor forming two hydrogen bonds
(HBs) with two carboxylic groups (-COOH), and the other O atom
forms a third HB with the remaining -COOH group (Fig. 3).

This journal is © the Owner Societies 2018

The next low-lying isomer (Iso II, +0.08 eV) can be viewed as
constructed via the formation of three O-H---O HB chains in
a relay fashion among three carboxylic and one carboxylate
groups. In Iso III (+0.21 eV), the -COO~ end forms two O-H- - -O
HBs with two -COOH groups in vicinity, and the remaining
—-COOH interacts with an amine to form an O-H---N HB. For
the optimized neutral, three O-H- - -O HBs are formed between
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Fig. 4 TDDFT simulated spectra of the lowest energy isomers for [EDTA-Hz]™ (a) and [EDTA-M()]~ (M = Al, Sc, V-Co) (b—h), in comparison with the
corresponding experimental spectra.

the -COO* group and three neighboring ~-COOH groups with
one of the O atoms acting as a double acceptor. The formation
of multiple HBs is confirmed by the quantum theory of atoms
in molecules (QTAIM) using the Multiwfn program® (see

Fig. S1 and Table S5 in the ESIf).

19462 | Phys. Chem. Chem. Phys., 2018, 20, 19458-19469

B. Calculated ADEs/VDEs and simulated NIPE spectra for
[EDTA-H;] . The M06-2X/6-311+G(d,p) calculated ADE of 4.80 eV,
and VDEs of 5.32, 5.43, and 5.32 eV for Iso I-1III, respectively, are
in excellent agreement with the corresponding experimental
values of 4.80, and 5.35 eV (Table 1). The TDDFT predicted
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spectra based on Iso I, II, and III are displayed in Fig. 4, and
they provide a qualitative comparison for, and not a numerical
confirmation of, the experimental spectra. The spectrum of
Iso I exhibits three main peaks, centered at 5.30, 6.20, and
7.30-7.70 €V, respectively. Similarly, the Iso II spectrum shows
three spectral bands at 5.40, 5.80, and 7.40-7.70 eV. Combining
these predicted bands from both isomers leads to a reasonable
fit to the experimental spectrum, except that the predicted third
bands that start at EBE > 7.00 eV are ~0.30 eV higher than the
experimental onset value of 6.80 eV. The spectrum of Iso III
(+0.21 eV), which has three predicted bands with the second
one present in the region of EBE = 6.40-7.40 eV, may contribute
to the rising edge of feature B. Therefore, we suggest that all of
the three isomers coexist in the experiments and contribute
to the observed [EDTA-H;]” spectrum. Because each isomer
contains three O-H- - -O HBs, [EDTA-H;]™ should have a much
higher EBE than the isolated carboxylate (~3.50 eV).** This
expectation is borne out in our experiments, and further
confirmed by our calculations.

C. Optimized structures of [EDTA-M(m)] ’* (M = Al, Sc, V-Co).
We first considered quasi-octahedral structures of [EDTA-M(u)]~
with hexadentate EDTA-M bonds (Iso A, Fig. 3), because this type of
binding motif was commonly reported in previous crystallographic
studies.®*®> Next, different geometries including pentadentate
(Iso B, Fig. 3) and tetradentate (Iso C, Fig. 3) EDTA-M coordina-
tion were also optimized, but they were found to be at least 1 eV
higher in energy than Iso A (Table S4, ESIt), too high to be
generated under our experimental conditions. Accordingly, all of
the [EDTA-M(u1)]” (M = Al, Sc, V-Co) anions studied here possess
distorted octahedral coordination geometries with C, symmetry
and hexadentate EDTA ligands, in which two N atoms from
amines and two O atoms from one carboxylate occupy the four
equatorial positions, while two oxygens from the second carboxylate
reside at the two axial positions. Similar octahedral complexes
were reported in (NH,)[Al(EDTA)]-2H,O and K[Al(EDTA)]-2H,O
crystals.®*®® It should be pointed out that different EDTA—M
structures rather than the octahedron have been observed in
the solution phase; for instance, a penta-coordinated trigonal
bipyramidal structure was proposed for [EDTA-Al(m)]~,°® and a
heptacoordinate complex with one water and a hexadentate
EDTA ligand was suggested for [EDTA-Fe(m)] (H,0).** The
[EDTA-M(w1)]” complexes are closed shells for M = Al and Sc,
while for M = V-Co, they have unpaired 3d electrons. Therefore,
different spin states were calculated and they are compared in
Table S3 (ESIT) for [EDTA-M(m)]~ (M = V-Co). The results show
that high spin states are favored for the complexes of M =V to
Fe with low spin states being at least 0.85 eV higher in energy,
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with one exception for the Co species, of which the singlet state
is energetically 0.37 eV more stable than the quintet state.

Selected bond lengths of the optimized pseudo octahedral
structure (Iso A) of [EDTA-M(um)]~ (M = Al, Sc, V-Co) in each
respective ground electronic state are given in Table 2. All M-N
bond lengths are longer than M-O bond lengths due to the
lower electronegativity of N as against O. The M = V, Cr and
Mn EDTA anions are compressed octahedrons, in which the
axial M-O distances are shorter on average than the equatorial
M-0O distances, while the reverse holds for the other metal
complexes (M = Al, Sc, Fe and Co) that are elongated octahedrons,
in which the axial M-O distances are longer than that in the
equatorial plane. Previous X-ray measurements showed that the
equatorial M-O bonds were longer on average than the axial
ones for [EDTA-Cr(u)]” and [EDTA-Co()]~, for which the ligand
field stabilization (LFS) appeared significant, while the reverse
held for [EDTA-Fe(m)]” and [EDTA-Al(m)] ", for which there was
no appreciable LFS contribution.® Our calculated structures for
M = Al, Cr, Fe are consistent with those determined in the solids,
but for [EDTA-Co(wm)], its predicted gas phase structure is
different from that in the solid state.

The corresponding neutral complexes were also optimized.
Comparison of the anionic and neutral structures of [EDTA-M(m)]
(M = V-Co) reveals overall minor geometric changes in terms of
structural binding motifs upon electron detachment, but
changes significant enough in key bond lengths to alter the
overall shapes of the octahedrons, i.e. compressed anions —
elongated neutrals and elongated anions — compressed
neutrals (Table 2). The neutral M-O distances decrease, pre-
sumably due to the enhanced M(iv)-O bonds. Interestingly,
upon one electron detachment, the M-N bond length exhibits
a variation ranging from significantly shortened for Mn
(—0.27 A) to slightly shortened for V (—0.02 A), Fe (—0.01 A),
and to modestly lengthened for Cr (+0.10 A) and Co (+0.03 A)
(Table 2), among which the change of the Mn-N distance is the
biggest. The underlying reasons for this ominous Mn-N bond
length change will be discussed in the next sections via analyzing
electron spin density and molecular orbitals. For the closed
shell anions [EDTA-Al]" and [EDTA-Sc| , electron detachment
leads to the neutral radical complexes, in which EDTA becomes
pentadentate, leaving one N atom uncoordinated (Fig. 3).

D. Strain energies in EDTA and metal-ligand interaction
energies. The dominant driving force in forming [EDTA-M ()]~
complexes is the strong M*"~EDTA*" metal ligand interaction,
which binds metals and EDTA together and overcomes the
subsequent ligand distortion energy and Coulomb repulsion
between negatively charged groups. The final structures are

Table 3 Calculated strain and interaction energies (eV) for [EDTA-M()]~ (M = Al, Sc, V-Co)
EDTA-M (1) Al(m) Sc() V() Cr(u) Mn(m) Fe(u) Co(m)
Strain energy” 7.35 5.99 6.54 6.72 6.74 6.44 7.54

Interaction energy” —80.55 —71.49

—76.43

—78.58 —79.02 —77.34 —86.36

“ Calculated as the energy difference between [EDTA]*~ adopting the same geometry as in the optimized [EDTA-M]~ complex and in its isolated free
form. ? Energy difference between [EDTA-M]™ and the sum of free M and EDTA.
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largely determined by the overall balance in the energy land-
scapes, which can change the structure of the free ligand by
bending the carboxylic chains to bring them closer, which
otherwise would tend to stay as far away as possible without
M?>*. A stronger metal ligand interaction is expected to give rise
to a larger ligand strain energy. A quantitative description of the
degree of distortion of the bent [EDTA]*” in the optimized
geometries of [EDTA-M(w)] ~ is displayed in Table 3 and Fig. 5,
where the ligand strain energy and the metal-EDTA interaction
strength exhibit a good correlation, similar to that in alkali
metal dicarboxylate complexes reported by our group.®”

E. Calculated ADEs/VDEs and simulated spectra for
[EDTA-M(m)]™ (M = Al, Sc, V-Co). The calculated ADEs/VDEs
for the lowest energy isomers of [EDTA-M(m)]” (M = Al, Sc,
V-Co) are 5.62/6.62, 5.80/6.77, 3.85/4.47, 4.86/5.47, 4.40/5.12,
5.26/5.61, and 5.11/5.41 (5.69) eV for M = Al, Sc, V, Cr, Mn,
Fe, Co (singlet/quintet), respectively, in good agreement with
the corresponding experimental values of 6.10/6.65, 6.25/6.65,
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Fig. 6 TDDFT simulated spectra of the lowest energy isomers for [EDTA-Hz]™ (a), [EDTA-M()]~ M = Al (b), V (c), and Cr (d) using five different methods,

in comparison with the corresponding experimental spectra.
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3.95/4.40, 4.90/5.40, 4.85/5.32, 5.40/5.72 and 4.85/5.50 eV
(Table 1). To determine whether the other isomers coexist in
the experiments and contribute to the experimental spectra,
TDDFT excitation energies were computed and simulated
spectra by Gaussian broadening of the stick spectra were
generated. For the [EDTA-M(u1)]” complexes (M = Al, Sc, and
V-Fe, except Co), the simulated spectra of the lowest energy
isomers agree very well with the experimental spectra (Fig. 4),
indicating that only the most stable isomers, i.e., octahedral
structures with hexadentate EDTA (Iso A), contribute to the
experiment. For [EDTA-Co(m)] ", the simulated spectrum of the
lowest energy isomer (Iso A with "A state) shows a clear 1.50 eV
band gap between two peaks at 5.50 and 7.00 eV, apparently
missing the 2nd spectral band in comparison to the experiment.
However, the absent peak in the simulated spectrum from the
'A state can be recovered by including the quintet Iso B (Fig. 4).
The calculated VDEs for both 'A and °A states, 5.41, and 5.69 eV,
as already mentioned, agree with the experimental value
(5.50 + 0.20 eV). Therefore, we suggest that both isomers with
A and A states coexist and contribute to the experiments.

F. Comparison of the method-based simulated spectra
with the experimental ones. Fig. 6 shows the TD-DFT simulated
spectra using DFT = M06-2X, BHLYP, CAM-B3LYP, B3LYP, and
PBEO methods for M(ur) = H3, Al, V and Cr in comparison with
their respective experimental ones (the comparison for all other
complexes is provided in Fig. S5 in the ESIY). It can be seen that
different methods give rise to a series of simulated spectra
varied in both peak positions and spectral patterns. Overall, the
MO06 method yields the best fit to the experiments for M = Hj3,
Al, and Sc, while PBEO and B3LYP provide a good fit to the
spectra for M = V-Co. The existence of the large X-A band gap in
the V case, however, is confirmed by all calculations. Fig. 6 and
Fig. S5 (ESIt) highlight the importance of obtaining experi-
mental results to benchmark different theoretical methods.

G. Theoretical analyses on the nature of the first detach-
ment band for [EDTA-M(m)]” (M = Al, Sc, V-Co). Electron
spin density differences between [EDTA-M(m)]* neutrals and
[EDTA-M(m)]~ anions at the optimized anionic geometries were
computed, in order to obtain a qualitative picture showing
where the least bound electrons are detached (Fig. 7). It can be
concluded that for Al and Sc, the electron is detached from the
O atoms of the EDTA ligand, in contrast to the M =V case, in
which majority of detached electrons come from V(m) atoms.
For the other [EDTA-M(u)]~ complexes (M = Cr, Mn, Fe, Co),
both the ligand and metal contribute significantly to the lowest
electron detachment channel.

Our TDDFT calculations, shown in Fig. 4, indicate that the
first peak involves a one electronic state transition for the metal
complexes M = V and Mn, but it involves multiple electronic
states for M = Al, Sc, Cr, Fe, Co. Fig. 8 depicts the relevant
occupied molecular orbitals that contribute to the observed
lowest binding energy peaks (X for M = V-Co, A for M = Al, Sc).
Four electronic state transitions are involved in the A band of
the M = Al and Sc spectra, corresponding to detached electrons
from HOMO to HOMO-3 under the single particle picture
approximation. The percentage of metal atoms (Al and Sc) is

This journal is © the Owner Societies 2018
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Fig. 7 Electron spin density difference between [EDTA-M(in)]* and [EDTA-
M(m]~ at the optimized anionic geometries based on Mulliken population

analysis (M = Al, Sc, V-Co) (isovalue = 0.01).

only 2% or less for these four MOs, which accords with the
finding that the electron detachment mainly comes from
the ligand. For [EDTA-V(u1)]~, only one transition is involved
in the X peak, which corresponds to detaching one electron
from the HOMO, which possesses a 66.2% contribution from
the metal, in contrast to the M = Al and Sc cases. For the other
complexes, the metal contribution to the first peak decreases in
the order of Cr (41.3%, HOMO—1) > Mn (14.6%, HOMO) > Fe
(8.3%, HOMO—-2) > °A state of Co (5.6%, HOMO—1). There-
fore, it is clear that the frontier MOs of the M = V-Co species
always have d electron contributions from the metals, while the
M = Al and Sc complexes do not. This conclusion from the MO
analyses is exactly the same as that drawn from the electron
spin density analyses.

Previous studies of [Fe(m)X,]™ vs. [Sc(m)X,]” (X = Cl, Br)
revealed appreciably smaller VDEs of the former compared to
the latter, presumably due to the fact that the electrons were
detached from the Fe 3d orbitals in the case of Fe while they
were detached from the halide ligands in the case of Sc.®®®°
We found that the [EDTA-M(w1)]~ (M = Al, Sc) complexes have
extremely large VDEs of 6.65 eV, in contrast to the VDE of
4.40 eV for [EDTA-V(m)]~, which is consistent with the previous
studies. In fact, we found that there exists a good anti-correlation
between VDE and metal 3d contributions (Table S6, ESIT).
For the other metal complexes (M = Cr, Mn, Fe, Co), since the
loosely bound electron is detached from both the metal and
ligand, their VDEs are located in between [EDTA-V(u)]™ and
[EDTA-Sc/Al(u1)]”. One exception shown in Fig. S3 (ESIT) is that
the VDE of Mn(m) is unexpectedly smaller than that of Cr(m),
despite the fact that the HOMO of the former contains much
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less d contributions than the latter. A close examination of
the HOMO of [EDTA-Mn(m)]™ indicates a significant increase
from the N atoms in the ligand (30.6% N, 42.6% O for Mn vs.
1.3% N, 53.1% O for Cr), which suggests that both amino and
carboxylate moieties are contributing to the X band. Since
electron detachment from the amino moiety is much easier
than from the carboxylate moiety (for example, VDE = 4.00 eV
for CcHsCOO™; 1.50 eV for CeH;NH),”%”! the increased N
contribution in the HOMO provides a reasonable rationale for
the observed lower VDE for [EDTA-Mn(u)] ™.
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As detailed above, [EDTA-M(u)]” (M = Al and Sc) formally
has no 3d electrons on the metal center for AI** and Sc**, so the
extra electron must be detached from the EDTA ligand. The rest
of the complexes [EDTA-M(m)]~ (M = V-Co) can be assumed to
have a partial 3d electron detachment. We found that the forth
ionization energies of V-Co, i.e., V (46.71 eV) < Cr (49.16 eV) <
Mn (51.20 €V) < Fe (54.80 eV) > Co (51.30 €V),”” are in a
similar trend with the observed trend of VDEs. Of course, this is
a very rough approximation without even considering the ligand
field influence. According to Crystal Field Theory, ligands often
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Fig. 8 Frontier molecular orbital analyses for those that contribute to the first peak (X) in the [EDTA-M()]~ (M = Al, Sc, V-Co) spectra.
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cause a large splitting A between T,, and E, sets of d-orbitals
when they form octahedral complexes. The sextet [EDTA-
Fe(m)]” was shown to have a higher ADE/VDE (5.40/5.72 eV)
than the others, a fact that is also related to the more stable
half-filled d shell (°A: T5,Eg) that this complex has. On the other
hand, [EDTA-Mn(m)]”, a quintet state (°A) with the T5,Eg
configuration, is able to relatively easily lose one electron to
form a relatively stable Tig configuration, compared to its
neighbors [EDTA-Cr(m)]~ (*A, T5,) and [EDTA-Fe(m)] ™~ (°A, T5,E3).

H. Implications for EDTA-metal redox chemistry. Photo-
detachment is an oxidation process, analogous to a half redox
reaction (because there is no electron acceptor involved),’®
therefore the NIPE spectrum contains important and explicit
electronic structural information about the electron transfer of
redox species in the gas phase. Among all [EDTA-M(m)]|”
complexes studied here, the triplet state V(m) species with a
d? electronic configuration has the lowest ADE (3.95 eV), the
closed shell Al(ur)/Sc(mr) anions without d electrons have the
highest ADE values (6.10/6.20 eV), while the other metal
complexes (M = Cr-Fe) with 3d electrons have ADEs in between.
Therefore, our experiments provide a direct indication that
the intrinsic oxidation potential E;, to remove (donate)
one electron from the anionic complex follows in the order of
V < Cr-Fe < Al (Sc), as shown for the trends of ADE/VDE in
Fig. 9. Another salient point observed in the V() spectrum is
that there exists a 2.30 eV band gap between the ground and
first excited states, which, in a qualitative picture, suggests the
stability of the V(v) state with a d' configuration and with
further oxidizing V(i) to V(v) being very difficult. Such electronic
information obtained from the [EDTA-V(u)]™ spectrum can help
in elucidating the special nature of the V"V/V™ redox couple and
may explain why cysteine itself cannot reduce V"V to V", but
cysteine methyl ester can reduce V'Y to V"' with the assistance
of EDTA in the vanadocytes of ascidians.?® The biggest energy
gap (2.30 eV) of [EDTA-V(u1)]~ observed in Fig. 2 and Table 1 is
quite unique, in that we could not observe such a large energy
gap for the other complexes. This indicates the large stability
of the d' electron configuration in [EDTA-V(wv)], which is

7.0
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Fig. 9 Comparison of experimental and calculated VDEs and ADEs for
[EDTA-H3]™ and [EDTA-M()]™ (M = Al, Sc, V-Co).
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consistent with the stability constant of [VO(EDTA)]”~ (logK =
18.63) being larger than that of [VO,(EDTA)]*~ (logK = 15.55).”

Conclusions

In summary, we report a joint NIPES and computational study
on the electronic and geometrical structures of a series of EDTA
complexes [EDTA-M(m)]” (M = Hj, Al, Sc, V-Co) that are
commonly observed in condensed phases. Except for M = Hj3,
all metal complexes adopt pseudo-octahedral structures with
hexadentate ligands. The experiments clearly showed that there
is one more spectral band at a considerably lower EBE for the
transition metal complexes with extra d electrons in compar-
ison to those without d electrons (M = Al and Sc), and hence,
the intrinsic oxidation potential E;,, follows in the order of
V < Cr-Fe < Al (Sc). The spin density and MO orbital
composition analyses revealed that the electron detachment
channel varies across the third row metals, and there exists a
good anti-correlation between the E;/,, and metal contribution
in the frontier MOs. The observation of a much lower ADE and
existence of a large band gap in [EDTA-V(m)]” may help to
elucidate the special redox behavior of vanadium species in
biological cells. The intrinsic molecular properties of these
complexes obtained in this work provide a molecular founda-
tion to better understand their numerous applications, redox
chemistries, and biological functions in condensed phases.
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