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a b s t r a c t

Aminocarboxylate complexes of vanadium(III) are of interest as models for biologically and medicinally
relevant forms of this interesting and somewhat neglected ion. The V(III) ion is paramagnetic, but not
readily suited to conventional EPR, due to its integer-spin ground state (S = 1) and associated large
zero-field splitting (zfs). High-frequency and -field EPR (HFEPR), however, has the ability to study such
systems effectively. Three complexes, all previously structurally characterized: Na[V(trdta)] � 3H2O,
Na[V(edta)(H2O)] � 3H2O, and [V(nta)(H2O)3] � 4H2O (where trdta stands for trimethylenediamine-
N,N,N0 ,N0-tetraacetate and nta stands for nitrilotriacetate) were studied by HFEPR. All the investigated
complexes produced HFEPR responses both in the solid state, and in aqueous solution, but those of
[V(nta)(H2O)3] � 4H2O were poorly interpretable. Analysis of multi-frequency HFEPR spectra yielded a
set of spin Hamiltonian parameters (including axial and rhombic zfs parameters: D and E, respectively)
for these first two complexes as solids: Na[V(trdta)] � 3H2O: D = 5.60 cm�1, E = 0.85 cm�1, g = 1.95;
Na[V(edta)(H2O)] � 3H2O: D = 1.4 cm�1, E = 0.14 cm�1, g = 1.97. Spectra in frozen solution yielded similar
parameters and showed multiple species in the case of the trdta complex, which are the consequence of
the flexibility of this ligand. The EPR spectra obtained in frozen aqueous solution are the first, to our
knowledge, of V(III) in solution in general and show the applicability of HFEPR to these systems. In com-
bination with very insightful previous studies of the electronic absorption of these complexes which pro-
vided ligand-field parameters, it has been possible to describe the electronic structure of V(III) in
[V(trdta)]� and [V(edta)(H2O)]�; the quality of data for [V(nta)(H2O)3] does not permit analysis. Qualita-
tively, six-coordinate V(III) complexes with O,N donor atoms show no electronic absorption band in the
NIR region, and exhibit relatively large magnitude zfs (D P 5 cm�1), while analogous seven-coordinate
complexes do have a NIR absorption band and show relatively small magnitude zfs (D < 2 cm�1).

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Vanadium has long been an appealing transition metal for study
due to its wide range of oxidation states and associated beautiful
colors of its complexes [1]. Among these oxidation states, V(III)
has traditionally been less studied than V(IV) or V(V), which have
better defined biological/physiological roles [2]. Interest in V(III)
has recently increased due to the observation of V(III) in marine
organisms, namely in the blood cells of sea squirts (subphylum
Tunicata; class Ascidiacea) [3–5]. The specific observation of
V(III) was first shown by Taylor et al. [6] although the original
observation of vanadium in tunicates dates back to nearly a cen-

tury ago [7], before there was such an area as bioinorganic chem-
istry. Another biological aspect of V(III) is that its complexes have
been promoted as insulin mimics/anti-diabetic agents [8,9],
although are less effective than V(IV) and V(V) in this role [10,11].

Duplication of the exact ligands found in tunicates is challeng-
ing; however, such a coordination environment can be modeled
by the use of aminocarboxylate ligands. These widely used ligands
support V(III) in stable complexes that are also models for the insu-
lin-mimetic species. We therefore have performed an initial study
on aminocarboxylate complexes of V(III), primarily employing
HFEPR with the goal of furthering our understanding of the elec-
tronic structure of these systems, in both six- and seven-coordinate
geometries.

In contrast to V(IV), with its 3d1 electronic configuration and
S = 1/2 spin ground state, which can be fruitfully studied by con-
ventional (e.g., X-band, �9 GHz) EPR [12], V(III), 3d2, S = 1 has been
much less easily studied by EPR. An integer-spin (non-Kramers) ion
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such as V(III) is susceptible to zero-field splitting (zfs). In axial
symmetry, the hS, MS| = h1,0| and h1,±1| states are separated by
an energy gap equal to the parameter D. If D is sufficiently large
in magnitude, then this gap is too large for the (DMS = ±1) transi-
tions between the h1,0| and h1,±1| states to appear at X-band fre-
quencies, where the microwave quantum is �0.3 cm�1 and the
given complex is deemed ‘EPR-silent’. This difficulty of observing
EPR can be overcome by the use of high frequencies going into
sub-THz and THz range (on the order of 100 cm�1) with corre-
spondingly high resonant magnetic fields (up to 45 T in a continu-
ous mode at the NHMFL in Tallahassee; higher fields operated in a
pulsed mode are used at the NHMFL operation in Los Alamos, and
elsewhere [13]). This technique is referred to as HFEPR and has
been successfully applied to a wide variety of non-Kramers sys-
tems [14,15], including V(III) [16–21]. All of these systems were
studied in the solid state, usually as a pure powder, although in
some cases as a doped single crystal [17,19]. HFEPR spectra in fro-
zen solution have been reported for non-Kramers ions such as
Cr(II) [22] and Mn(III) [23], but not for V(III). One limitation is
the relatively high solubility necessary for HFEPR in frozen solution
(in our experience, concentrations at least 100 mM are ideal for
V(III) and other non-Kramers systems, with �10 mM an absolute
minimum); however, [V(H2O)6]3+ can be generated in very high
concentration in aqueous solution, yet we have been unable to
reproducibly observe the expected HFEPR signals from this com-
plex. Aminocarboxylate complexes also exhibit very high solubility
and are thus good candidates for observation of HFEPR in frozen
aqueous solution. The specific complexes investigated are those
of V(III) with trdta, edta, and nta. Their structures are shown in
cartoon form in Scheme 1, and are representative of six- and se-
ven-coordinate aminocarboxylate complexes of V(III). The actual
coordination geometry of these complexes, based on X-ray crystal-
lography, can be seen in Fig. S1 (Supplementary material). In all of
these complexes it was possible to observe HFEPR responses in
frozen aqueous solution, which, to our knowledge is the first such
result for a complex of V(III).

The spin Hamiltonian parameters provided by analysis of the
HFEPR spectra of these systems can be combined with analysis of
their electronic absorption spectra [24] to yield a characterization
of the ligand field experienced by V(III) with aminocarboxylate
ligands. This information could then be applied to V(III) in biolog-
ical or physiological environments, such as in ascidians or insulin-
mimetic cases.

2. Experimental

2.1. Materials

All starting materials were obtained commercially and used
without further purification. The complexes Na[V(trdta)] � 3H2O1

[25], Na[V(edta)(H2O)] � 3H2O [26], and [V(nta)(H2O)3] � 4H2O [27]
were prepared following literature procedures and characterized
by elemental analysis: For Na[V(trdta)] � 3H2O (C11H20N2NaO11V):
calculated C, 30.71%; H, 4.69%; N, 6.51%; found C, 30.43%; H,
4.72%; N, 6.49%. For Na[V(edta)(H2O)] � 3H2O (C10H20N2NaO12V): cal-
culated C, 27.66%; H, 4.64%; N, 6.45%; found C, 27.04%; H, 4.80%; N,
6.29%. For [V(nta)(H2O)3] (C6H12NO9V): calculated C, 24.59%; H,
4.13%; N, 4.78%; found C, 25.63%; H, 4.36%; N, 5.01%. The appearance
of these complexes is sensitive both to degree of hydration and to
crystal morphology. In our hands, Na[V(trdta)] � 3H2O displays a pale
pinkish color when crystallized from H2O/ethanol or H2O/THF; how-
ever, after washing and drying in vacuo, the compound exhibits a
reddish color. A reddish color for Na[V(trdta)] � 3H2O has also been
reported by Robles et al. [25]. Na[V(edta)(H2O)] � 3H2O appears as
the greyish green material described by Shimoi et al. [26], who re-
ported the crystal structure. The original synthesis of this complex,
by Schwartzenbach and Sandera [28], described grey crystals as well.

2.2. Electronic absorption spectroscopy

Electronic absorption spectra were recorded on aqueous solu-
tions of [V(trdta)]� and [V(edta)(H2O)]� over the range 300–
1100 nm, using a Hewlett Packard 8453 spectrophotometer. The
spectra of both complexes were in agreement with those found
in the literature [24,29].

2.3. HFEPR spectroscopy

HFEPR spectra were recorded using the Millimeter and Sub-mil-
limeter Wave Facility at NHMFL [30], and the EMR Facility. The for-
mer experimental setup employs tunable frequencies in the
70 GHz–1.2 THz range (of which the 150–700 GHz range was used
in this study) and the resistive ‘‘Keck” magnet enabling 0–25 T field
sweeps, while the latter utilizes a variety of solid state sources and
a superconducting 15 T magnet. Detection was provided with an
InSb hot-electron bolometer (QMC Ltd., Cardiff, UK). Modulation
for detection purposes was provided alternatively by chopping
the sub-THz wave beam (‘‘optical modulation”) or by modulating
the magnetic field. A Stanford Research Systems SR830 lock-in
amplifier converted the modulated signal to DC voltage.

Typically, 30–50 mg of polycrystalline sample was used for
HFEPR on solid samples. In previous HFEPR studies of magnetically
non-diluted paramagnetic solids, magnetic field-induced torquing
of microcrystallites occurred [31]. In this work, such effects were
generally not observed.

For solution studies of V(III) aminocarboxylates, two methods
were used. In the first case, the solid was dissolved in degassed,
deionized water, without adjustment of pH, and then rapidly frozen
before placement into the sample holder. This method was suitable
for use with Na[V(edta)(H2O)] � 3H2O, as it has been shown that
[V(edta)(H2O)]� in solution maintains the same species from pH
1.8 to 7.5 [29]. However, for Na[V(trdta)] � 3H2O and [V(nta)
(H2O)3] � 4H2O, we found that this method led to incomplete disso-
lution of solid (this problem was not readily apparent due to the
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Scheme 1.

1 The abbreviation tmdta is also commonly used; this ligand is also referred to as
1,3-diaminopropane-N,N,N0 ,N0-tetraacetate, so the abbreviation pdta is also
encountered.
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dark color of highly concentrated solutions, the small volumes in-
volved, and the need to avoid air exposure) [25]. Therefore, a second
method was used in which the solid was placed under nitrogen into
degassed water that had been adjusted to pH < 2 by addition of sul-
furic acid. The pH was then raised by addition of NaOH during
which time the solid could be seen to dissolve with formation of
the characteristic dark red color of aqueous [V(trdta)]�. This proce-
dure was also used to prepare solutions of [V(nta)(H2O)3]. Solution
concentrations were approximately 200 mM.

2.4. X-band EPR spectroscopy

X-band EPR experiments were performed on a commercial Bru-
ker ElexSys E680X spectrometer equipped with a low-temperature
Oxford Instruments ESR900 cryostat.

2.5. EPR analysis

The magnetic properties of an ion with S = 1 can be described by
the standard spin Hamiltonian comprised of Zeeman and zfs terms
[32]:

H ¼ bB � g � Sþ DðS2
z � SðSþ 1Þ=3Þ þ EðS2

x � S2
yÞ: ð1Þ

Field-swept HFEPR on polycrystalline solids or low-temperature
glasses provides turning points in powder-pattern spectra. Their
frequency dependencies were recorded as two-dimensional data
sets, and spin Hamiltonian parameters were then fitted to these
data by use of a non-linear least-squares procedure based on the
well-known formulas resulting from the exact solution of the
equations for triplet states of arbitrary orientation [33]. Further de-
tails of the tunable-frequency EPR methodology are given else-
where [14]. In other cases, notably those of relatively small
magnitude of zfs, we obtained the spin Hamiltonian parameters
by simulating single-frequency spectra.

2.6. AOM analysis

Analysis of the electronic structure of V(III) in aminocarboxylate
complexes was performed with use of the angular overlap model
(AOM) [34]. Two computer programs were employed, Ligfield,
written by Bendix et al. (Ørsted Institute, Copenhagen, Denmark)
[35] and a locally-written program, DDN, which is available from
J. Telser. Both programs use the complete d2 weak-field basis set
including inter-electronic repulsion (Racah parameters: B, C)
[34,36], spin-orbit coupling (SOC constant: f) [35], and AOM li-
gand-field bonding parameters (er and ep) [37], and gave identical
results when directly compared. The Racah parameters for free-ion
V(III) are variously given as follows: B = 886 cm�1, C = 4.7B [34]; or
B = 860 cm�1, C = 4.8B [36]; while C = 5B was used by Schönherr
et al. for V(III) in these specific systems [38]. We explored the effect
of values in the range 4.5 6 C/B 6 5.0. Values for the SOC constant
are available in a number of sources; however, the definitive value
is that determined by Bendix et al.: f = 206 cm�1 [35].

DDN allows use of a non-linear least-squares fitting subroutine
(DSTEPIT, from QCPE, Bloomington, IN) to match observed elec-
tronic transition energies to those calculated by user-defined vari-
able parameters such as B, er, etc. The general AOM procedure
involved an initial fit of spin-allowed optical transitions with var-
iation of Racah B and AOM bonding parameters, and with f � 0.
From this initial fit, f was systematically varied until a reasonable
match obtained for |D| in relation to experimental values. The
resulting electronic transitions were then checked to ensure that
they were still in agreement with experiment; if not, then the
AOM parameters were adjusted to correct discrepancies. DDN also
allows inclusion of an external magnetic field to be applied along

the molecular axes (defined by the AOM) to give Zeeman splitting
of energy levels from which g values can be calculated, as de-
scribed previously [16].

3. Results and discussion

3.1. X-ray crystallography

A search of the Cambridge Structural Database (CSD 5.29,
November 2007 release) reveals a number of structures of amino-
carboxylate complexes of V(III). Of specific relevance here are the
structures of Na[V(trdta)] � 3H2O (CSD code: PATZIT [25]), Na[V(ed-
ta)(H2O)] � 3H2O (CSD code: VEFKOG10 [26]; these workers also re-
ported structures of edta complexes of V(III) with other counter
cations), [V(Hedta)(H2O)] � H2O (CSD code: YUCMEO [39]), and
[V(nta)(H2O)3] � 4H2O (CSD code: VOXCUG [27]). The molecular
structures of Na[V(trdta)] � 3H2O, Na[V(edta)(H2O)] � 3H2O, and
[V(nta)(H2O)3] � 4H2O are shown together in Fig. S1 (Supplemen-
tary material). Also shown are packing diagrams for each complex,
respectively, in Figs. S2, S3, and S4. The H-bonding network in each
of these complexes is different.

Most of these V(III) complexes (as well as other related com-
plexes not studied here [40,41]) exhibit interesting seven-coordi-
nate geometries. A discussion of some of the complexities of
seven-coordinate geometries is given by Dreyer et al. [42].
[V(edta)(H2O)]� adopts a capped trigonal prismatic geometry,
which can also be described as 4:3 piano stool (tetragonal base-tri-
gonal base) [26]. [V(Hedta)(H2O)] also has a structure close to a
mono-capped trigonal prism [39], and [V(nta)(H2O)3] exhibits a
structure that can be described as a mono-capped octahedron,
rather than a trigonal prism [27]. In contrast, [V(trdta)]� is a dis-
torted octahedral complex, with only the sexidentate trdta ligand
and without a coordinated aqua/hydroxo ligand [25]. Robles
et al. were the first to suggest that in contrast to the five-mem-
bered rings formed with nta or ethylenediamine-based ligands,
trdta forms a six-membered ring with V(III) and is unlikely to form
seven-coordinate complexes[25]. This was explained further by
Meier et al. in terms of the geometric requirements of seven- vs.
six-coordination with the former requiring a bite angle that would
severely strain a six-membered chelate ring [24]. However, in pre-
vious studies of V(III) complexes with a tripodal PS3 ligand and its
derivatives (PS3 = trisbenzenethiolatophosphine) by some of us, it
was found that the geometries of V(III) complexes are very flexible
with little relevance of the size of the chelate ring [43]. Further-
more, the crystal structure of a seven-coordinate complex of sexid-
entate trdta with Mn(II), [Mn(trdta)(H2O)]2�, has been recently
reported [44]. It is thus quite possible that seven-coordinate
V(III) complexes of trdta form in solution as well.

3.2. Electronic absorption spectroscopy

Electronic absorption spectroscopic studies of aminocarboxyl-
ate complexes of V(III) have been previously reported in detail by
Meier et al. for both Na[V(trdta)] � 3H2O and Na[V(edta)(-
H2O)] � 3H2O [24] and also by Kanamori et al. for Na[V(trd-
ta)] � 3H2O [29]. These workers have all pointed out that diffuse
reflectance spectra in the solid state for these complexes are essen-
tially the same as in solution. We have reproduced their aqueous
solution electronic absorption spectra as shown in Figs. S5 and S6.

[V(trdta)]� exhibits three well defined bands at 27,500 cm�1,
22,900 cm�1, and 18,100 cm�1, but no significant absorption in
the NIR region. There is a question as to exactly what solution spe-
cies give rise to this spectrum. Two major species are likely present
while dissolving Na[V(trdta)] � 3H2O in aqueous solution (the solu-
tion might not be neutral): a six-coordinate complex, [V(trdta)]�,
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in which all of the donor atoms of the ligand are coordinated,
which presumably corresponds to the crystal structure [25], and
another six-coordinate complex, [V(trdta)(H2O)]� in which one
pendant carboxylate arm is not coordinated with a water ligand
taking up this site [29]. In addition to the equilibrium in solution
between these two species, and conformational effects of the
propane linker group (see below), the hydroxo complex, [V(trdta)
(OH)]2� and the dinuclear oxo-bridged complex, [V2(trdta)2(l-O)]4�

can form at higher pH values. In our studies, we have controlled
the solution pH so that these high-pH species should not be
present.

[V(edta)(H2O)]�exhibits a major band at 22,400 cm�1, with
shoulders at �25,400 cm�1 and �28,000 cm�1, and a partially re-
solved band at 19,600 cm�1. There is also a band at 12,500 cm�1,
and a broad band in the NIR extending from �9500 cm�1 beyond
the spectrometer range.

Kanamori et al. [29] have also employed a variety of other tech-
niques to study aminocarboxylate complexes of V(III), such as
spin-lattice relaxation time by 1H NMR, and resonance Raman
spectroscopy as well as UV–Vis as a function of pH, all of which
demonstrated that [V(edta)(H2O)]� in solution maintains the same
species from pH 1.8 to 7.5. An equilibrium between
[V(edta)(H2O)]� and [V(edta)(OH)]� is present in solution above
pH 7.5; however, in our solution HFEPR studies the pH was always
kept below this value. We can be confident, therefore, that all
HFEPR studies of the edta complex are of [V(edta)(H2O)]�.

3.3. HFEPR spectroscopy

The three complexes were each investigated in the solid state
over a wide range of frequencies and temperatures. Each complex
will be described separately.

3.3.1. Na[V(trdta)] � 3H2O
This complex exhibited strong resonances from V(III) over a

very wide field range at typical frequencies, corresponding to a

multitude of zero-field splitting parameters, some reaching quite
large values (D > 5 cm�1). Experiments on a solid state sample
allowed us to detect and characterize the triplet state with the
largest zfs parameters by tunable-frequency methodology. Fig. 1
shows the field vs. frequency map as detected experimentally
together with the simulated curves. Another triplet species, with
somewhat smaller zfs, and of apparently lower concentration,
has also been identified in the field/frequency map, but its param-
eters cannot be determined as accurately as those for the dominant
species. Spin Hamiltonian parameters used in simulations for these
two components are summarized in Table 1. The magnitude of D
determined for the dominant species in solid Na[V(trdta)] � 3H2O,
5.60 cm�1, is similar to that for [V(H2O)6]3+, as found in a variety
of V(III)-doped group 13 alums, of general formula Cs[M(H2O)6](-
SO4)2 (M = Al, Ga, In), for which very high precision spin Hamilto-
nian parameters were extracted from a high-quality single-crystal
HFEPR study by Tregenna-Piggott et al. [19]. For example, V(III)-
doped Cs[Ga(H2O)6](SO4)2 had D = +4.8581 cm�1 (these high
symmetry (S6 point group) systems have perfectly axial zfs
(E = 0); the positive sign of D is surmised from their Fig. 6). Like-
wise, V(acac)3, another complex with an O6 donor set, studied by
some of us earlier [16], gave D = +7.470 cm�1, E = +1.916 cm�1 (E
is given the same sign as D by convention). We were not able to
determine the sign of D in solid Na[V(trdta)] � 3H2O; however, we
assume that it is positive as in these other V(III) complexes. There
is also an indication of yet other, minor triplet states observed in
solid complex, characterized by much smaller magnitudes of D
than the major species.

An HFEPR study of [V(trda)]� in frozen aqueous solution allowed
us to detect and characterize some of those states. Fig. 2 shows a
solution spectrum recorded at 305 GHz, and 20 K. Even a perfunc-
tory analysis of this spectrum shows that multiple triplet states are
contributing to it. We have attempted to deconvolute this spec-
trum and have extracted three distinct triplet species. Two of these
are very similar; one being described by D = 0.68 cm�1 and another
with 0.87 cm�1. In neither case could the rhombic parameter E be
resolved. The third triplet species identified has a much larger D
value (�2.35 cm�1) and is also characterized by a much larger
linewidth. Fig. 2 therefore displays a simulated spectrum that is
the sum of the three triplet species identified, in equal amounts.
The individual simulations for these three triplet species are shown
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Fig. 1. Field vs. frequency map of EPR resonances recorded at 5 K for solid
Na[V(trdta)] � 3H2O. Red squares represent experimental resonances attributed to
the dominant triplet state of somewhat larger zfs parameters than that represented
by the blue circles. Red curves were simulated using S = 1, |D| = 5.60 cm�1,
|E| = 0.85 cm�1, giso = 1.95, and blue curves using S = 1, |D| = 5.15 cm�1,
|E| = 0.23 cm�1, giso = 1.95, with dotted lines represent turning points with B0||x,
dashed lines with B0||y and solid lines with B0||z. Black crosses at low frequencies/
fields represent resonances that could not be attributed to either triplet state; their
appearance suggests a presence of yet another species characterized by a smaller
zfs. Green triangles are resonances originating from a V(IV) impurity as proved by
the green line, which is a simulation using S = 1/2 and giso = 1.95.

Table 1
Spin Hamiltonian parameters for aminocarboxylate complexes of V(III).

Complex D (cm�1)a E (cm�1)a gb

Na[V(trdta)] � 3H2O (solid) 5.60c 0.85 1.95
[V(trdta)]� (aqueous solution) +0.87d 0 gx,y = 1.98,

gz = 1.95
+0.62 0 gx,y = 1.98,

gz = 1.95
Na[V(edta)(H2O)] � 3H2O

(solid)
1.4 0.14 1.97

[V(edta)(H2O)]�(aqueous
solution)

+2.01 0.0 1.95

[V(nta)(H2O)3] � 4H2O(solid) Not
determinede

Not
determined

1.96

[V(nta)(H2O)3](aqueous
solution)

+0.6 +0.1 1.96

a The sign of D is given where determined while the sign of E is assumed to be
same as that of D.

b The g value determination is isotropic, except where indicated.
c Another triplet state with somewhat smaller zfs and of lower concentration has

been also identified from the field/frequency map with |D| ffi 5.15 cm�1,
|E| ffi 0.23 cm�1, giso ffi 1.95.

d In addition to the two triplet species listed here, another triplet state with larger
zfs has been also identified in the spectra with |D| ffi 2.35 cm�1, |E| ffi 0, giso ffi 1.95.

e Strong spin exchange in solid [V(nta)(H2O)3] � 4H2O averages the zfs.
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in Fig. S7, and an analogous analysis at a lower frequency of
197 GHz, in Fig. S8.

3.3.2. Na[V(edta)(H2O)] � 3H2O
Strong resonances attributable to V(III) were observed for the

solid sample at a variety of field/frequency combinations. The qual-
ity of spectra (not shown) was, however, poor due to the impossi-
bility of obtaining a satisfactory powder distribution of the
crystallites, and the concomitant pseudo-noise in the spectra, as
has been seen elsewhere [22]. The spin Hamiltonian parameters
could thus only be estimated semi-quantitatively from such spec-
tra as |D| � 1.4 cm�1, |E| � 0.14 cm�1, giso = 1.97.

Frozen aqueous solutions of [V(edta)(H2O)]� produced, on the
other hand, almost ideal powder-patterned EPR spectra, as shown
in Fig. 3, again accompanied by simulations. Thus, the triplet state
detected in frozen aqueous solution at 20 K is characterized by |D|
almost exactly equal to +2 cm�1 and an axial zfs tensor (E � 0). The
positive sign of D was established by a comparison to simulations
produced using both positive and negative values of that parame-
ter, as shown in Fig. 3.

3.3.3. [V(nta)(H2O)3] � 4H2O
This sample investigated as a solid produced a single, symmet-

rical resonance at g = 1.96 at any frequency (Fig. S9). The origin of
this line was difficult to ascertain until an aqueous solution exper-
iment was performed (see below). In retrospective, it is due to a
triplet state of V(III) averaged through an efficient spin exchange
taking place in the crystal. The nature of this exchange is beyond
the scope of this paper, but it is a qualitatively different situation
than found in either of the two other complexes studied here as
solids, or other V(III) complexes investigated by HFEPR previously
[16]. In view of this phenomenon, the zfs parameters in the solid
state could not be determined. Upon dissolution in water, the ex-
change between the individual complexes is cancelled, and a spec-
trum readily attributed to a triplet state observed (Fig. S9).
However, this spectrum suffers from low resolution of its compo-
nents, thus only a semi-quantitative set of spin Hamiltonian
parameters was obtained through simulations: D � 0.6;
E � 0.1 cm�1, giso = 1.96.

3.4. X-band EPR spectroscopy

The high quality of spectra, and the moderate value of D in
[V(edta)(H2O)]� prompted us to perform a conventional (X-band)
EPR study of the same complex in a frozen aqueous solution. In-
deed, we were able to record distinct if broad resonances belonging
to the V(III) spin manifold besides the ubiquitous, sharp signals
originating from a V(IV) impurity. The 9.7 GHz EPR spectrum,
which is shown in Fig. 4, can be fairly well simulated using the
same set of zfs parameters as obtained from the HFEPR experi-
ment; however, reversing the procedure, i.e., obtaining those
parameters from a low-frequency experiment alone would be an
almost impossible task. We note that the single-crystal linewidths
needed for the X-band simulations are comparable in breadth to
those used at high frequencies. This points at D-strain (i.e., distri-
bution in D and E values; a field-independent phenomenon), as op-
posed to g-strain, which is field-dependent, as a major factor
contributing to the linewidths in V(III) spectra. Detailed analyses
of linewidths in HFEPR of high-spin systems have been performed
in other cases [45], but are beyond the scope of this study.

3.5. Ligand-field analysis of V(III) complexes

The spin Hamiltonian parameters derived from HFEPR, in com-
bination with the electronic absorption spectra, with the crystal
structures, and with previous work [24,38], in principle allow a
quantitative description of the electronic structure of V(III) in each
of these complexes. In practice, the trdta and edta complexes pro-
vide the necessary data, while the nta complex does not. The lack
of spin Hamiltonian parameters for solid [V(nta)(H2O)3] � 4H2O
means that we cannot relate a known structure to a known set
of parameters. Spin Hamiltonian parameters were estimated for
[V(nta)(H2O)3] in solution, but analysis suffers from the same diffi-
culties as [V(trdta)]� in terms of multiple solution species (see be-
low), if not more so, since nta has a lower denticity than trdta (or

0 2 4 6 8 10 12 14

Magnetic Field (T)

Fig. 2. HFEPR spectrum of aqueous [V(trdta)]� recorded at 305 GHz and 20 K (solid
trace) together with a simulation (dashed trace) assuming an ideal powder pattern,
which is the sum of equal amounts of three individual triplet species. Spin
Hamiltonian parameters used in the simulations: all S = 1; one species with:
D = +0.68 cm�1, E = 0, gx,y = 1.98, gz = 1.95, 50 mT isotropic single-crystal linewidth;
one species with D = +0.87 cm�1, E = 0, gx,y = 1.98, gz = 1.95, 50 mT linewidth; one
species with: D = +2.35 cm�1, E = 0, giso = 1.95, 200 mT linewidth. Simulations of the
individual species are shown in Fig. S7 in the Supplementary material. The sharp
peaks appearing near 11 T in the experiment are due to a V(IV) impurity and not
reproduced in the simulation.

2 3 4 5 6 7 8 9 10 11

D > 0

Expt.

D < 0

Magnetic Field (T)

Fig. 3. HFEPR spectrum of aqueous [V(edta)(H2O)]� recorded at 218 GHz and 20 K.
Central (solid) trace: experiment; upper dashed trace: simulation using parameters:
S = 1, D = �2.01 cm�1; E = 0, giso = 1.95; lower dashed trace: simulation using the
same value but a positive sign of D. Isotropic single-crystal linewidth used in the
simulations for the DMS = ±1 transitions: 200 mT; for the DMS = ±2 transition:
50 mT. The intensities of the simulated spectra are scaled so as to match exactly the
experimental turning point at 6.8 T, demonstrating that the intensities of the
features at 5.9, 9 and 10 T are matched by the simulation only for D > 0. The peak
near 8 T originates from a trace amount of V(IV) impurity and is not reproduced in
the simulations, and neither is the weak resonance near 3.2 T, which is due to solid
molecular dioxygen in the sample space.
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edta). For the nta complex, we therefore make only the qualitative
conclusion that the low magnitude of D observed in frozen solution
is consistent with a seven-coordinate complex, consistent with the
crystal structure and with the results for the edta complex, and in
contrast to six-coordinate Na[V(trdta)] � 3H2O (see Table 1).

We now proceed to a quantitative analysis of the results for the
trdta and edta complexes. Meier et al. have performed a detailed
analysis of the electronic absorption spectra in aqueous solution
at room temperature and in the solid state at low temperature of
two of the complexes of V(III) studied here: Na[V(trdta)] � 3H2O
and Na[V(edta)(H2O)] � 3H2O [24]. Their analysis made use of the
AOM, and a complete set of bonding parameters (er and ep) for
the aqua O (for the edta complex), carboxylato O, amine N ligands
were reported. They did not provide fit values for the Racah param-
eter B; however, a later paper did provide this value for each com-
plex [38]. Meier et al. also did not tabulate any values for either
experimental or calculated band positions; however, we surmise
from their published figures that an excellent match between the
two was obtained [24,38]. A further unfortunate complication is
that these workers did not describe the geometrical models for
using their parameters; however, this was later provided to us, in
the case of [V(edta)(H2O)]�, by Prof. T. Schönherr (personal com-
munication). We have therefore derived our own models for using
the AOM in these complexes.

In the case of Na[V(trdta)] � 3H2O, we begin by making the
assumption that the major component seen by HFEPR is associated
with the structure characterized crystallographically. The presence
of minor species in the polycrystalline material studied by HFEPR
likely results from complexes with slight structural differences de-
rived from different association/H-bonding of the waters of hydra-
tion and/or degrees of hydration. Previous experience has shown
that spin Hamiltonian parameters, derived from HFEPR, are very

sensitive to slight changes in coordination that are unidentifiable
by other methods [46,47].

With this proviso, the choice of geometrical model for the six-
coordinate trdta complex is relatively straightforward, despite
the severe distortion from octahedral symmetry. A model was cho-
sen in which the molecular z-axis is along the O3-V-O5 vector,
since this is the unique, all oxygen donor, axis (the other two both
being O(1,7)-V-N(2,1)). The O3-V-O5 bond angle is 166.85�, how-
ever we idealize it at 180�, and take averages of the angle from a
given atom to the V-O3,5 vectors. The molecular x-axis was chosen
as the bisector of the N1-V-N2 plane (see Fig. 5; the specific angu-
lar parameters are given in Table S1).

Use of this geometrical model and the entire set of parameters
provided by Schönherr and co-workers [38] provides a good fit to
the observed electronic transitions, making ‘‘fine-tuning” of their
parameters superfluous. The calculated transition energies are gi-
ven in Table S2. Their value for the Racah parameter
B = 580 cm�1, is �65–67% of the free-ion value [34,36], which is
reasonable for a covalently bonded complex [34]. Inclusion of
spin-orbit coupling, with f = 140 cm�1, 68% of the definitive free-
ion value – the same ratio as for B, gives zero-field splitting with
the same sign and magnitude as that observed for the major com-
ponent of solid Na[V(trdta)] � 3H2O (see Table 2). The degree of
rhombicity is somewhat overstated by the calculation (|E/
D| = 0.32 calculated vs. 0.15 by experiment), but this is hardly a
major deficiency, as greater use of more idealized bonding angles
could lower the rhombicity arbitrarily. We also note that V(acac)3,
which is a homoleptic complex, exhibited |E/D| = 0.26 [16], nearly
as rhombic as heteroleptic [V(trdta)]�.

The HFEPR studies of the trdta complex in frozen aqueous solu-
tion can in principle be analyzed in the same fashion. In practice,
however, this is not possible because we are uncertain as to the
solution state structure. There are multiple ways by which hetero-
geneity in solution structure of the trdta complex can be obtained.
One possibility is the loss of a coordinated carboxylato ligand in
aqueous solution [29]. The multiple species that could result from
replacement of only one carboxylato ligand by one aqua ligand are
shown in cartoon form in Fig. S10. Replacement of a carboxylato

Fig. 4. Main figure: [V(edta)(H2O)]� in aqueous solution shows spectra even at X-
band (at 9.7 GHz and 20 K; upper, solid trace is experiment; lower, dashed trace is
simulation using the spin Hamiltonian parameters obtained from HFEPR experi-
ments, with the single-crystal linewidth of 100 mT for the perpendicular turning
point, and 25 mT for the parallel one; these linewidths are of the same order of
magnitude as those required at high frequencies). The group of resonances centered
on 350 mT belongs to the well-known hyperfine pattern of the VO2+ ion. The single
narrow line at ca. 180 mT, indicated by the asterisk, originates from the dielectric
resonator used in this experiment. Inset: the origin of the 218 GHz, and 9.7 GHz
resonances in the 2D field/frequency representation such as in Fig. 1 (solid lines are
with the field parallel; dashed lines with the field perpendicular to the molecular
axes). The field range of the HFEPR experiment (see Fig. 3) is represented by the
vertical dotted line, while the circle indicates the X-band EPR conditions used here.
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θ

φ

Fig. 5. Molecular coordinate system defined for [V(trdta)]�. The molecular z-axis
for [V(trdta)]� is defined along the O3-V-O5 vector, so that the angle to each ligand
from this axis gives h (note that the actual O3-V-O5 bond angle is 167�, so average
angular values from a given atom to V-O3 and V-O5 are used for h). The plane
normal to the O3-V-O5 vector is defined as the molecular xy plane, with the
molecular x-axis defined as half of the N1-V-N2 bond angle to give /.
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ligand by an aqua ligand was explored by changing the corre-
sponding AOM bonding parameters, which showed that the values
for D and/or E could change significantly. Another possibility is
more subtle and cannot be as easily treated by the AOM, namely
changes in the conformation of the 1,3-diaminopropane chelate
ring. This structural phenomenon has been shown for Fe(III) com-
plexes of trdta [48,49]. These conformers are described in the cap-
tion to Fig. S10 and could lead to spectroscopically similar, but
distinct species observable by HFEPR in frozen solution.

The HFEPR results for microcrystalline Na[V(edta)(H2O)] � 3H2O
did not show any heterogeneity and we thus associate the results
with the crystallographically characterized species (see Section 2).

In the case of this seven-coordinate edta complex, a geometrical
model was chosen in which the molecular z-axis is defined along
the V-O(aqua) vector, given that the aqua ligand is unique, and
the molecular x-axis is defined along the V-O1 vector (see Fig. 6;
the specific angular parameters are given in Table S1). As men-
tioned above, we have also employed the model of Schönherr
and co-workers [24,38], in which the molecular x-axis is along
the V-O(aqua) vector.

Three methods were employed to fit the electronic absorption
data and extract zfs parameters for [V(edta)(H2O)]�. In the first
case, Method A, the geometrical model of Schönherr and co-work-
ers [24,38] and their refined parameter set [38] was used without
modification. This method was possible only for [V(edta)(H2O)]�,
as we did not have the exact geometrical model for [V(trdta)]�.
In Method B, our own geometrical models were used (see above
and Figs. 5 and 6), along with the AOM bonding parameters of
Schönherr and co-workers [38] (modified only to account for the
change in coordinate system), but the Racah B parameter was al-
lowed to vary freely. This model was employed because the value
for B reported was rather low, 340 cm�1, which is less than 40% of
the free-ion value [34,36]. In the third case, Model C, the AOM
bonding parameters for the carboxylato ligands were also allowed
to vary, although the amino ligands were fixed at the reported
values.

As seen in Table S2, all of these models effectively fit the ob-
served electronic absorption spectra. Use of Method B led to a fit
value for B = 580 cm�1, which is the same as that for [V(trdta)]�,
and is thus more reasonable. Use of Method C led to different
bonding parameters, but none that was drastically different from
those reported and with B = 595 cm�1. The fit parameters are sum-
marized in Table 2, which also gives the zfs calculated by inclusion
of spin-orbit coupling. The logical choice for this parameter is
f = 140 cm�1, as it is the same as employed in [V(trdta)]�, but this

Table 2
Ligand-field parameters (in cm�1) using the AOM for aminocarboxylate complexes of
V(III).

Ligand-field parameters [V(trdta)]� [V(edta)(H2O)]�

f 140 200d

B, C
Method Aa – 340, 1700
Method Bb 580, 2900 580, 2320
Method Cc – 595, 2380

er(aqua O)
Method Aa 7000
Method Bb NA 7000
Method Cc 6000

eps, epc(carboxy O)
Method Aa 1200, 0
Method Bb NA 0, 1200
Method Cc 0, 910

er(carboxy O)
Method Aa – 7700
Method Bb 9100 7700
Method Cc – 7180

ens, enc(carboxy O)
Method Aa – 1700, 1000
Method Bb 2100, 1300 1000, 1700
Method Cc – 660, 1100

er(amine N)
All Methods 6700 5800

Calculated D, E
Method Aa – +1.85, 0.25
Method Bb +5.63, 1.78 +1.48, 0.34
Method Cc – +1.36, 0.33

a For only the edta complex, Method A uses the complete set of parameters
provided by Schönherr and co-workers [38] along with their geometric model for
[V(edta)(H2O)]�, provided by Prof. Schönherr. For the aqua O donor, anisotropic p-
bonding is approximated by epc = 0. For the carboxy O donors, anisotropic p-
bonding is approximated by epc � 0.6epc. The value for C is fixed at 5.0B [38].

b For the trdta complex, only Method B is relevant, and it uses the bonding
parameters provided by Schönherr and co-workers [38] without modification and
the geometrical model shown in Fig. 5 and described in the text and in Table S1. The
value for C is thus fixed at 5.0B [38]; use of the same parameters with C = 2730 cm�1

(C = 4.7B [34]) gives the same zfs: D = +5.65 cm�1, E = +1.77 cm�1.For the edta
complex, Method B uses the bonding parameters provided by Schönherr and co-
workers [38] without modification, except for a change of orientation. The direction
of the aqua ligand is here along z, rather than x, so that the values of eps and epc are
reversed for the O donor ligands. The geometrical model is shown in Fig. 6 and
described in the text and in Table S1. Detailed angular parameters are given in Table
S1. Additionally, the value for B is derived by fitting the electronic transitions
observed here. The value for C is fixed at 4.7B [34].

c For only the edta complex, Method C uses bonding parameters derived from
fitting the electronic transitions with the values provided by Schönherr and co-
workers [24,38] as only a starting point. The geometrical model used is as in
Method B.

d For the edta complex, use of f = 140 cm�1, the value appropriate for the trdta4�

complex, gives for Method A (with C = 5.0B [38]): D = +0.91 cm�1, E = +0.12 cm�1;
for Method B (with C = 2730 cm�1 = 4.7B [34]): D = +0.70 cm�1, E = +0.17 cm�1; for
Method C (with C = 2800 cm�1 = 4.7B [34]): D = +0.65 cm�1, E = +0.16 cm�1. Thus an
increase in the value of f and/or a decrease in the value of C, possible for Methods B
and C, is needed to achieve the experimental zfs. The choice of C = 4.0B and
f = 200 cm�1, nearly the free-ion value, leads to zfs that is close to experiment.

V

N2N1

O5O3

O7O1

OH2

OO

OO

z
θ

x

φ

V

O3

O1

O5

N2N1

O7

O

O O

O

Fig. 6. Molecular coordinate system defined for [V(edta)(H2O)]�. The molecular z-
axis for [V(edta)(H2O)]� is defined along the V-OH2 vector, so that the angle to each
ligand from this axis gives h (see upper drawing). The projection of the O1,3,5,7 and
N1,2 ligands onto a plane normal to the V-OH2 vector is defined as the molecular xy
plane, with the molecular x-axis defined along the V-O1 vector, so that an angle in
this plane gives / (see lower drawing, in which the axial H2O ligand in the
foreground is omitted for clarity).
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led to zfs that was significantly lower than experimentally ob-
served, regardless of the method used (see Table 2). In order to ob-
tain the observed zfs, it was necessary to increase the value of f to
200 cm�1, nearly the free-ion value [35], and, for Methods B and C,
also to reduce the value of C, to C = 4.0B, which is not an unreason-
able ratio. With these modifications, the match between the ob-
served and calculated zfs magnitude is quite good (see Table 2).
Method A, due to its smaller B value, perhaps unreasonably so,
and consequent lower-lying excited states from 3P, gives the larg-
est zfs, which is the closest to the larger, solution value, while
Methods B and C give better fits to the smaller, solid state value.
Also important is that the calculated sign of D is positive, which
matches experiment for the solution (it could not be determined
for the solid, but D is likely positive as well). We also note that
these methods do tend to overestimate the rhombicity of the zfs,
with |E/D| > 0.2 for Methods B and C, while the solid gave |E/
D| = 0.1 and the solution was axial. It is possible that asymmetry
in bonding and geometry that is locked into the crystal structure
averages out in solution. Use of the AOM, or other computational
methods, such as DFT, in combination with geometry optimized
structures could be used to test this possibility, however, that type
of computational investigation is beyond the scope of this work. In
any case, as with the trdta complex, the exact solution structure is
unknown. Geometries such as capped trigonal prism or 4:3 piano
stool [42] can exhibit a variety of twist angles, as described by Shi-
moi et al. [26,41], and these could affect the spin Hamiltonian
parameters subtly. We have explored a more dramatic change,
namely the possibility that [V(edta)(H2O)]� exhibits pentagonal
bipyramidal geometry (pbp) in solution. We used as a rough struc-
tural model the Fe(III) analog, which does adopt this geometry.
Among the several such structures reported, we chose that of
Li[Fe(edta)(H2O)] � 3H2O[50]. Use of the AOM parameters derived
above for the actual structure of the V(III) complex does yield
NIR bands at 7500–8000 cm�1 and at 9650 cm�1, and several visi-
ble bands in the 23,000–28,000 cm�1 range, although the band at
12,500 cm�1 is calculated too low by �1800 cm�1. Furthermore,
use of similar SOC to the above affords zfs that is much larger than
that observed (�6 cm�1 for f = 200 cm�1). We conclude that pbp
geometry is unlikely for [V(edta)(H2O)]�, although distortion to-
wards pbp geometry might lead to the higher zfs observed in solu-
tion. In contrast to [V(trdta)]�, for which spin Hamiltonian
parameters are known for a few analogous complexes [16,19], to
our knowledge, no comparison data are available for seven-coordi-
nate V(III). Lastly, we note that our ligand-field model does not in-
clude spin–spin coupling [51], among other simplifications, which
might increase the zfs for a given value of spin-orbit coupling.

4. Conclusions

The V(III) ion is paramagnetic, but not readily suited to conven-
tional EPR, due to its integer-spin ground state (S = 1) with large
zfs. High-frequency and -field EPR (HFEPR), however, has the abil-
ity to study such systems effectively. We have applied HFEPR to
investigate three aminocarboxylate complexes of V(III): Na[V(trd-
ta)] � 3H2O, Na[V(edta)(H2O)] � 3H2O, and [V(nta)(H2O)3] � 4H2O.
While [V(nta)(H2O)3] � 4H2O did not yield interpretable spectra in
the solid state due to spin exchange, both the trdta and edta com-
plexes gave readily interpretable spectra in this form. All three
complexes produced frozen aqueous solution spectra at concentra-
tions of �200 mM. These HFEPR spectra are the first, to our knowl-
edge, of V(III) in solution, demonstrating the potential for applying
HFEPR to the study of V(III) complexes in aqueous solution.

For the edta and trdta complexes, the availability of both solid
state and frozen solution HFEPR spectra allowed precise determina-
tion of spin Hamiltonian parameters. These parameters, in combi-

nation with very insightful previous studies by Schönherr and co-
workers [24,38], who analyzed the electronic absorption spectra
of these complexes, and provided ligand-field parameters for them,
has made it possible to provide a complete picture of the electronic
structure of V(III) in both Na[V(trdta)] � 3H2O and Na[V(edta)(-
H2O)] � 3H2O, i.e., the solid state forms that have been structurally
characterized. Qualitatively, and thus applicable to both solid state
and frozen solution species, six-coordinate V(III) complexes with
O,N donor atoms show no electronic absorption band in the NIR re-
gion, and exhibit relatively large magnitude zfs of (D P 5 cm�1),
while analogous seven-coordinate complexes do have a NIR absorp-
tion band and show relatively smaller magnitude zfs (D < 2 cm�1).

This correlation of electronic structure with coordination envi-
ronment for aminocarboxylate complexes of V(III) is important
since these complexes are of interest as models for biologically
and medicinally relevant forms of this ion. It should thus be possi-
ble to employ optical spectroscopic methods (electronic absorp-
tion, MCD) and magnetic resonance (HFEPR) to interrogate V(III)
sites in intact biological systems as we and others have demon-
strated for model complexes.

5. Abbreviations

Chemical terms
acac 2,4-pentanedionate
edta ethylenediamine-N,N,N0,N0-tetraacetate (1,2-diaminoethane-N,

N,N0,N0-tetraacetate)
nta nitrilotriacetate (a,a0,a00-trimethylaminetricarboxylate)
trdta trimethylenediamine-N,N,N0,N0-tetraacetate
THF tetrahydrofuran
Other terms
AOM angular overlap model
EMR electron magnetic resonance
DDN double precision dn electronic configuration program
HFEPR high-frequency and -field electron paramagnetic

resonance
MCD magnetic circular dichroism
NHMFL National High Magnetic Field Laboratory
SOC spin-orbit coupling
Zfs zero-field splitting
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