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ABSTRACT: In this laboratory activity, the equilibrium between square
pyramidal and octahedral V(IV)O*" complexes is described. We propose a
set of experiments to synthesize and characterize two types of V(IV)O*
complexes. The experiment allows great flexibility and may be effectively
used at a variety of levels and the activity can be lengthened or shortened j e , <
depending on the available time. The laboratory practice can combine )
various experiments: (i) synthesis of solid transition metal complexes, (ii) ; {‘
analysis of the solid complexes to hypothesize their coordination geometry, square pyramidal cis-octahedral

(iii) measurement of room temperature and frozen solution EPR (Electron

Paramagnetic Resonance) spectra obtained when dissolving the solid complexes in different solvents, (iv) software simulation of
room temperature and frozen solution EPR spectra, (v) measurement of UV—vis spectra of solutions obtained when dissolving
the solid complexes in different solvents, (vi) optimization of the coordination geometry of V(IV)O*" complexes with DFT
calculations, (vii) calculation of the EPR parameters of V(IV)O*" complexes with DFT methods, and (viii) influence of the
temperature on the equilibrium calculated using DFT methods. The activity is organized to guide the students towards to a
plausible explanation of the experimental evidence.

non-coordinating solvents
higher temperature

coordinating solvents
lower temperature
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B ecause of the color changes, from blue to pink, the
equilibrium between tetrahedral and octahedral cobalt(II)
complexes is an excellent demonstration to illustrate Le
Chatelier’s principle." The laboratory activity described here
represents a valid alternative to illustrate the equilibrium
between different coordination geometries in transition metal
complexes. The activity is based on the results previously

published by us.”

B EXPERIMENT

To provide a suitable framework for students, vanadium
chemistry, EPR technique and DFT methods may be discussed
in two or three prelab lectures. The complete set of
experiments needs three 3-h laboratory sessions: synthesis of
the complexes in the first session, recording and interpreting
the EPR spectra in the second session, followed by building
input files for DFT calculations and extracting information from
the output ones. A detailed description of the experiment is
reported in the Students’ Instructions in the Supporting
Information.

Chemicals and Hazards

The two ligands are available from Sigma-Aldrich: pyridine-2-
ol-1-oxide, 56413, and pyridine-2-thiol-1-oxide, 188549. The
complexes were prepared from vanadium(IV) oxide sulfate
hydrate, 204862, a Sigma-Aldrich product. The hazard
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statements of the chemicals can be found in the Supporting
Information.

Synthesis of the Solid Compounds, Elemental Analysis,
and Possible Coordination Geometry

The ligands, pyridine-2-ol-1-oxide (2-hydroxypyridine-N-oxide,
hpo) and pyridine-2-thiol-1-oxide (2-mercaptopyridine-N-
oxide, mpo), are shown in Scheme 1.

Scheme 1. Ligands

pyridine-2-ol-1-oxide pyridine-2-thiol-1-oxide
(hpo) (mpo)

\N+/O \N+/O
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The solid compounds [VO(hpo),] and [VO(mpo),] can be
synthesized according to the procedure described in the
Students’” Instructions and should be analyzed to obtain their
elemental composition. The syntheses are relatively easy; the
results of elemental analyses reported in the Supporting
Information can be used to propose plausible coordination
geometries of these complexes. Since the ligand molecules are
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bidentate, and assuming that V(IV) retains the oxido ligand,>
the conclusion that the two complexes are pentacoordinated
with two ligand molecules coordinated to vanadium should be
reached. The presence of V=0 group could be confirmed by
IR spectroscopy; the stretching band of the V=0 bond falls at
960 cm™! for [VO(mpo),] and at 984 cm™" for [VO(hpo),].*
The X-ray structure reported for [VO(mpo),]>® can be used to
verify that the geometry of solid complexes is square pyramidal.
There is no crystal structure for the complex [VO(hpo),] but
the same conclusion can be reached.

Behavior at Room Temperature in Coordinating and
Non-coordinating Solvents

The solid compounds should be dissolved in coordinating
(DMSO, DMF) and non-coordinating solvents (CH,CL,
CHCI,, toluene) and the room temperature EPR spectra
recorded. The background of EPR spectroscopy has been
discussed in this journal,” and some applications to the study of
transition metal complexes and organic radicals were
presented.*” Some details are also given in the Supporting
Information. The spectroscopic parameters (g and A values) of
the experimental spectra should be measured and the results
obtained in different solvents compared. To extract the
parameters from the spectra, these latter can be simulated
using the software Bruker WinEPR SimFonia'® or EasySpin."!

At the beginning, the students can observe differences in the
color of the solutions; for example dissolving the solid complex
[VO(hpo),] in CH,CI, the resulting solution is pink, while the
same complex dissolved in DMSO gives a light green color
(Supporting Information Figure S1). Since CH,Cl, is a non
coordinating solvent one could suppose that the square
pyramidal coordination of the solid complex is retained. It
could be also supposed that the light green color corresponds
to another geometry which should involve also the solvent in
the coordination.

An equilibrium between square pyramidal and octahedral
geometry (with the additional coordination of a solvent
molecule) is possible.'> However, it is not easy to decide the
ligand arrangement in the octahedral complexes. In fact both
trans- (with water molecule trans to the oxido group) and cis-
octahedral species (with water molecule cis to the oxido group)
could be formed (Scheme 2). To decide which of these two

Scheme 2. Equilibra in V(IV)O*" Complexes
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octahedral complexes is preferentially formed one should know
that the hyperfine coupling constants, A, and A, are
dependent by the donors coordinated in the equatorial plane
and that the stronger the donors the lower the A, and A,
values. The experimental EPR spectra of [VO(hpo),] in

CH,Cl, and in DMSO are reported in Figure 1 (traces a and b)

in CH,Cl, at RT

in DMSO at RT

c in CH,Cl, at 120 K
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Figure 1. X-band EPR spectra recorded on solutions obtained
dissolving [VO(hpo),] in different solvents and temperatures.
Spectrum (a) belongs to square pyramidal species [VO(hpo),] with
Ay = —82.1 X 107" em™ and g, = 1.977 and the solution is pink.
Spectrum (b) contains the resonances of I, cis-[VO(hpo),(DMSO)]
(Ao = =944 X 107* ecm™, g, = 1.968) and II, [VO(hpo),] (A;, =
—79.6 X 107" cm™, g, = 1.974); the solution is green despite two
species that are present. Spectrum (c) belongs to [VO(hpo),] (4, =
—41.0, A, = —=51.0, A, = —=150.6 X 10™* em ™' and g, = 1.991, g, =
1.981, g, = 1.953) and the solution is pink. All spectra reproduced or
adapted with permission from ref 2. Copyright 2012 The Royal
Society of Chemistry.

together with the measured parameters. Observing the different
EPR spectra obtained, it is evident that the coordination
geometry is dependent on the solvent. It is important to
observe that in principle a solution with a certain color can
contain more than one species. This fact can also be clearly
observed, for example, in the EPR spectrum of the light green
solution of [VO(hpo),] in DMSO (Figure 1, trace b) where the
signals of two species are present. From the spectra in Figure 1
(traces a and b) it is possible to observe that the only species
present in CH,Cl, is also present in DMSO (with the lower A,
value), therefore the other species (with the higher A, value)
could be the octahedral complex which confers the green color
to the solution.

However, now it is only important to observe the solvent
influence in the color of the solutions accompanying the
changes in the EPR parameters. In the following paragraphs all
the species formed in solution will be identified.

UV-Vis Spectra in Coordinating and Non-coordinating
Solvents

UV—vis spectroscopy can be used to confirm the formation of
different species. Dissolving the solid complex [VO(hpo),] in
CH,Cl,, it is possible to measure the spectrum (in the range
300—1000 nm) of the square pyramidal species, while it is
impossible to experimentally measure the spectrum of the light
green octahedral complex, because when dissolving the solid
complex [VO(hpo),] in DMSO a significant amount of the
square pyramidal complex is also present. The spectrum of the
octahedral isomer can be obtained by difference (Supporting
Information Figure S7).

Behavior at Low Temperature in Coordinating and
Non-coordinating Solvents and Comparison with the
Results Obtained at Room Temperature

The results obtained at room temperature (RT) should be
compared with those obtained with frozen solutions,'® in order
to establish if decreasing the temperature the structures are
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maintained or not. The conclusions should be in agreement
with the color changes observed when freezing the solutions
prepared at RT. Dissolving the solid complex [VO(hpo),] in
CH,Cl, and DMSO the solutions have the same color (pink for
CH,Cl, and light green for DMSO) at room temperature and
when are frozen, while dissolving the complex in DMF a color
change from pink (at RT) to light green (at LT) should be
observed, indicating a variation in the coordination geometry
(Supporting Information Figure S2).

Some representative examples of room temperature and
frozen solution spectra can be found in Figure 1 and in the
Supporting Information. The frozen solution spectra can be
simulated with the software Bruker WinEPR SimFonia,'® or
EasySpin'' to obtain the values of A; and g; (i = %, y, ). The
spin—orbit interaction between the ground and the excited
states causes, in transition metal complexes, g to deviate from
g in the Supporting Information this is described in detail. To
compare the parameters of room temperature and frozen
solution EPR spectra, the relationship A, = (A, + A, + A4,)/3
should be used; in this way it is possible to decide if the
coordination geometry is retained or not. If the experimental
value of A;,,, measured at RT, is similar to that obtained from
the frozen solution spectrum as (A, + A+ A /3, A, 7P, the
geometry is maintained, while if A, and A 5P are different,
the geometry changed.

For example, the complex [VO(hpo),] dissolved in CH,Cl,
forms one species at 120 K (Figure 1, trace c) and the value of
AlsoexPCtls(A +A, +A,)/3=(-410x 107" '~ 51.0 x
107 — 1506 x 107* ecm™)/3 = —809 x 107 em™.
Since thls value is similar to that measured at RT (Flgure 1,
trace a, A= —82.1 X 107" cm™), it can be concluded that the
geometry is retained.

On the other hand, for [VO(hpo),] in DMSO, since two
species are detected at RT (Figure 1, trace b, A, = —79.6 and
—944 x 10™* cm™') but only one at 120 K (Supporting
Information Figure S8), the value of A" can help to
determinate which species is present at low temperature. In
fact, comparing the value of A;,"% = —95.3 X 10_ m™!
(obtained using the parameters A, = —57.5 X 10™* cm™~ A
—60.5 X 107* cm™ and A, = —168.0 X 10™* cm™') one can
conclude that at 120 K only the isomer with the largest Ay,
value is present.

The behavior of two complexes, [VO(hpo),] and [VO-
(mpo),], in different solvents and at different temperatures, RT
and LT, is summarized in Table 1 and Supporting Information.

DFT Calculations: Optimization of the Structures and
Calculation of EPR Parameters

DFT methods, applied to transition metal complexes, have
been presented in some experiments in this journal."* The use
of computational calculations can help to establish which of the
possible species (square pyramidal, cis- or trans-octahedral)
actually forms in solution.

In particular, density functional theory (DFT) calculations,
incorporated in Gaussian 03,'> can be used to optimize the
geometry of V(IV)O?* complexes'® and to calculate the EPR
parameters.

Depending on the relative arrangement of the ligands, two
different isomers are possible both for square pyramidal,
[VO(hpo),] and [VO(mpo),], (Scheme 3 and S1) and trans-
octahedral complexes, trans-[VO(hpo),(H,0)] and trans-
[VO(mpo),(H,0)] (Scheme 4 and S2). Concerning the
hexa-coordinated complexes with cis-octahedral geometry, cis-

Table 1. Color of the Solutions Obtained Dissolving the
Complex [VO(hpo),] in Different Solvents

Solvent Temperature” Color Species present in solution
CH,Cl, RT Pink [VO(hpo),]?
LT Pink [VO(hpo),]”
cis [VO(hpo)s(9)]
CHCl,/toluene RT Pink [VO(hpo),] b
LT Pink [VO(hpo),]”
cis [VO(hpo) ()]
DMSO RT Green [VO(hpo),]”
cis-[VO(hpo),($)]”
LT Green cis-[VO(hpo),(S)1®
DMF RT Pink [VO(hpo),]”
cis-[VO(hpo),(S)]
LT Green cis-[VO(hpo),(S)1®

[VO(hpo),]

“RT indicates room temperature, LT is used for 77 and/or 120 K.
Ypredominant species.

Scheme 3. Possible Isomers for the Penta-Coordinated

Species [VO(hPO)z]
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Scheme 4. Possible Isomers for the Complex trans-
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[VO(hpo),(H,0)] and cis-[VO(mpo),(H,0)], four isomers
are possible (Scheme S and Supporting Information Scheme
S3). All the species are denoted with the IUPAC
nomenclature'® (see Supporting Information).

Scheme S. Possible Isomers for the Complex cis-
[VO(hpo),(H,0)]
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Table 2. EPR Parameters of V(IV)O>" Species Formed by Hpo, Calculated at the Level of Theory BHandHLYP/6-311+g(d)

with Gaussian®

Complexh A = A %lA;1
SPY-5—12 —81.7 —82.14 —0.5
SPY-5—-13 -79.9 -2.7
0C-6-23 —96.0 —94.4° 1.7
0C-6—24 —95.6 1.3
0C-6-32 —94.2 —-0.2
0C-6—34 —94.4 0.0
0C-6—42 —=75.1 -20.5
0C-6—43 —74.4 —-21.2

Al Ayca.lcd Al A, %lAI°
—42.6 —52.5 —149.9 —150.6 0.5
—40.8 -51.0 —1479 -18
—-59.3 —-632 —165.5 —168.0° -15
—59.1 —62.8 —165.1 -17
—57.9 —-60.9 —163.8 25
—58.8 —60.4 —164.0 —24
—356 —47.0 —142.6 -15.1
—349 —46.4 —141.9 -15.6

“All the values are in 10 cm™'. “Nomenclature based on IUPAC recommendations, see ref 18. “Percentage deviation with respect to the absolute
experimental value calculated as 100 X (IAJ® — |A])/IA}, with i = iso, z. “Measured in CH,Cl,. *Measured in DMSO.

The values of A;, A,, A, and A, calculated with Gaussian for
the various possible complexes of hpo and mpo are reported in
Tables 2 and Supporting Information Table S3.

Comparing the calculated (A;"¢) and the experimental (4,)
values it is possible to decide which species are present in
solution. For example, comparing the data obtained by DFT
calculations with the experimental values of A;, and A, for the
complex [VO(hpo),] in CH,Cl,, one can confirm that the
species present both at RT and at 120 K is the square pyramidal
complex.

Concerning the octahedral complex formed by [VO(hpo),]
in DMSO, DFT calculations allow us to rule out the formation
of the trans-octahedral isomers (Table 2).

Unfortunately, for both square pyramidal and cis-octahedral
complexes, it is not possible to determine which of the possible
isomers is formed because the hyperfine coupling constants are
similar (see Table 2).

Analogous conclusions can be reached for the complex of
mpo (see Supporting Information Table S3).

At this point one can conclude that in the equilibrium
between the penta-coordinated and hexa-coordinated complex
only the cis-octahedral species is involved (Scheme 2). With the
ligands considered here, the preferred coordination geometry is
square pyramidal in non-coordinating solvents, while is cis-
octahedral in coordinating solvents (especially for hpo). This
means that a coordinating solvent molecule leads to more
stable complexes after its binding in equatorial position than in
the axial one; the formation of trans-octahedral species is rarely
observed in the literature.

The involvement of monochelated complexes, [VO(hpo)-
(H,0),]" and/or [VO(hpo)(H,0),]*, in equilibria can be
ruled out because much larger A, and A, values should be
obtained.

Calculation of the Influence of the Temperature on the
Equilibrium

The equilibrium included in Scheme 2 (where S is modeled by
H,0) can be written as

[VOL,] + H,0 2 cis-[VOL,(H,0)] (1)

This equilibrium can be shifted, as shown before, to the right
by decreasing the temperature and to the left by increasing it.

To know which species are more stable at one specific
temperature the variation of Gibbs energy (AG™) can be
calculated, that is the difference between the Gibbs energy of
the products and of the reactants:

AG* = Gyl vor, 1,00 — (Gvor, + Gito) )

If AG™ value is negative, the more stable species is cis-
[VOL,(H,0)], while if the value is positive, the more stable
species is [VOL,]. Comparing the value of AG™ at two
different temperatures (120 and 298.15 K), it is possible to
determine the influence of the temperature.

The Gibbs energy can be computed using Gaussian software.

It is important to know that the Gibbs energy in solution for
a given molecule at one specific temperature consists in a sum
of different terms; the exact procedure to derive the value of
AG™" is regported in the Supporting Information and
literature.">"

The results obtained by DFT calculations for the complex of
hpo allow us to conclude that the formation of [VO(hpo),] is
favored by high temperature (at 298.15 K, AG™" = 11.3 kJ
mol '), while at low temperature, the equilibrium is shifted
toward the species cis-[VO(hpo),(H,0)] (at 120 K, AG*" =
—14.0 kJ mol™). The AG™ values are obtained using for
G [vO(hpo),(1,0)] the average of the values of the complexes
0C-6-23, 0C-6-24, 0C-6-32 and OC-6-34, while for G{{o(upo),}s
the average of the values of the species SPY-5-12 and SPY-5-13
was used (see Supporting Information Table S6).

The same calculations could be performed also for mpo
complexes.

B ASSOCIATED CONTENT
© Supporting Information

A detailed description of the experiment, including the
background EPR spectroscopy and detailed students’ instruc-
tions. This material is available via the Internet at http://pubs.
acs.org.
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