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The technetium complexes [NBu,][TcY*NX,] and [NBu,][TcYOX,] (X = Cl or Br) have been studied by
electrochemical and theoretical methods. The redox potentials of the halide complexes are strongly affected

by the introduction of axial O*~ or N3 ligands. The TcY"Y couple decreases from +1.84 V for [TcOCI,]"" to
+0.21 V for [TeNCl,] . In situ spectroelectrochemical techniques were employed to characterise d! TcY'OCl,
(by oxidation) and d? [TcYNX,J*~ (by reduction) in solution. However, the oxidation of [TcOBr,]” at +1.73 V is
chemically irreversible. The featureless visible spectra of the TcY species contrast markedly with the wealth of
charge-transfer bands found for the Tc"" chromophores. In-plane {X,} — Tc"* (d,,) transitions are precluded
by the low-spin (d,,)? configuration induced by the axial perturbation (by O~ or N*") of the d, levels. Density
functional calculations were used to analyse the trend in redox potentials and electronic spectra, and, in particular,
to resolve additional complexities of the visible CT spectra of the five-co-ordinate d' [TeNX,]” (X = Cl or Br)
dissolved in non-co-ordinating solvents. These relatively complicated spectra closely resemble the visible
reflectance spectra measured for the unambiguously five-co-ordinate [NBu,][TcNX,] salts in the solid state,
whereas the absorption spectra of the nitrido complexes dissolved in aqueous HX suggest the presence of

the corresponding six-co-ordinate d* frans-[TeNX,(H,0)]~ complex.

Among technetium halide complexes, the tetrachloro and
tetrabromo nitrido Tc¥' compounds have received particular
attention because of their structural and spectroscopic proper-
ties, and their isoelectronic relationship with topical oxo-MoV
centres."

Recently, we examined the impact of the differing donor
properties of the O*" and N*~ ligands on the isovalent octa-
hedral or pseudo-octahedral complexes MClg, [MOCIs]” and
[MNCI,]” (M = Mo or W).? In the present work, these investi-
gations have been extended to the related technetium nitrido?
and oxo* complexes, [TcNX,]” and [TcOX,]” (X = Cl or Br). We
have measured the electrode potentials of these compounds in
strictly anhydrous media, and determined their UV/VIS spectra
in successive oxidation states, using spectroelectrochemical
techniques. This is a valuable strategy because of the underlying
relationship between metal-centred electrode potentials and
optical charge-transfer (XMCT) spectra in systems where the
pertinent optical acceptor orbital is also reliably identified as
the redox-active orbital.® Earlier investigations illustrated the
correlation between XMCT spectra and Ru™™ electrode poten-
tials for the related sequence of d° chromophores [RuXg]*",
[RuX,L]*", trans-[RuX,L,]” (where L=RCN).>® The con-
trasting electronic spectra of [TcNX,]” (X =ClI or Br), when
dissolved in concentrated HX or MeCN, have been reported
previously but the origin of this difference remained unsettled.’

Previous EPR studies of d' [MoOX,]” and [TcNX,]~ com-
plexes have established that the unpaired electron resides in the
2b, (d,,) orbital.*” Oxo and nitrido complexes of the form
MYX, (M =Mo, W, Re or Os; X =F or Cl; n=3-5) have been
studied by quantum mechanical ab initio methods at the H-F

+ Present address: Department of Chemistry, Heriot-Watt University,
Edinburgh, UK EH14 4AS.
1 Non-SI unit employed: eV =~ 1.602 x 107" J.

and MP2 level, with a view to interpreting the nature of the
M-Y bond and matching its vibrational frequency.® Single crys-
tals of [AsPh,][TcNCl,]”, prepared by Baldas et al.,* have been
studied by polarised neutron diffraction experiments to deter-
mine the spin-density distribution, and the results compared
with theoretical calculations and EPR data.’

As in the Mo and W study,” and in subsequent theoretical
analysis '° of a wider range of [MX,]*" (X = F or Cl) complexes
showing periodic progressions'? in their d"/d""! couples,
density functional calculations have been employed to reinforce
our understanding of the experimental redox data. The calcu-
lations were also crucial in assigning the intense charge-transfer
features of the UV/VIS spectra which change markedly
between TcY and TcY', and between the oxo- and nitrido-
chromophores. In addition we have examined the unusual
qualitative variation in the CT manifold of d' [TcNX,] ™ in dif-
ferent environments, prompted by the discovery that solutions
of the nitrido complexes in strictly anhydrous and poorly co-
ordinating CH,Cl, electrolyte mixtures have UV/VIS spectra
that are virtually indistinguishable from those observed in
MeCN.

Results
Voltammetry and spectroelectrochemistry

In the stringently dried inert solvent—electrolyte system
(NBu,PFCH,Cl,) employed in this work, all the compounds
studied were found to be stable at room temperature in their
most accessible oxidation state. Electrochemical experiments
were carried out in a specially designed evacuable electro-
chemical cell described previously,’* while electronic spectra
were recorded using a cryostatted optically transparent thin-
layer electrode (OTTLE) cell. The voltammetric data are sum-
marised in Table 1 together with the relevant data for related
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Table 1 Voltammetric data for the compounds*

EJV?

Compound M7+ M6+5+ M54+
[NBu,J[TcOCl,] +1.84 —0.52¢
[NBu,][TcOBr,] +1.73¢9  —0.39¢
[NBu,J,[MoOCL}” +1.70 —0.65
[NBu,J[TeNCl,] +2.7¢ +0.21
[NBu,][TcNBr,] +0.32
[NBu,][MoNCl,}/ +0.25 ~1.80

“ At a platinum electrode in CH,Cl, containing 0.5 m NBu,PF; electro-
Iyte, referred to SCE such that Ei=+0.48 V for [Fe(CsHy),]™".
b Reversible conditions at a scan rate v=100 mV s~ at 298 K unless
otherwise noted. ¢ Cathodic peak potential, E,; irreversible behaviour
for CV and a.c. experiment. ¢ Small return wave in CV at 500 mV s !
and 230 K; a.c. signal at +1.73 V. ¢ Irreversible behaviour for CV; small
a.c. signal at —0.39 V. From ref. 2. £ Anodic peak potential E;
irreversible behaviour for CV and a.c. (+2.65 V) experiment.

molybdenum complexes. Table 2 lists the electronic absorption
data for all four compounds in oxidation states v and vi (apart
from inaccessible TcOBr,).

For the five-co-ordinate Tc species under discussion, deliber-
ate addition of dry solid NBu,X to the test solutions did not
alter the optical spectra or the electrode potentials, or produce
any additional voltammetric signals (except waves typical of
free halide oxidation). Thus, six-co-ordinate species of the form
[TcYX,]*~ are apparently not formed in discernible amounts
during the electrochemical experiments (even for Tc"?) and no
evidence was seen for equilibrium (1) considered elsewhere.'*'S

[TeYX,] + X —[TcYXs]*
Y=NorO;X=ClorBr) (1)

Strong support for retention of strict five-co-ordinate geometry
by [TeNX,]” in CH,CI, electrolyte solutions (and even in
MeCN) was obtained from comparisons with the visible
reflectance spectra of powdered samples of [NBu,J[TcNX,]
(X = Cl or Br), which were prepared by literature methods.*'

[NBu,J[TeNCl,] and [NBu/J[TcNBr,]. Solutions of the
nitrido complexes [TcNCl,]” and [TcNBr,]” in the electro-
chemical media are orange-red and intensely blue, respectively.
Their redox behaviour can be formulated in terms of a Tc"*
metal centre (4d"), formally bearing an N3~ ligand. Fig. 1 shows
the cyclic and a.c. voltammograms of [NBu,][TcNCl,] in
CH,Cl,. A fully reversible one-electron reduction, [TeNX,] "
(4d'/4d?), is observed at Er= +0.21 V (vs. SCE) for the chloro
and at Ei=+0.32 V for the bromo complex (Table 1). No
further reduction steps were observed for either system to the
limit of solvent electrolysis (—2.8 V). An irreversible oxidation
corresponding to [TcNCL]”" (4d%4d") is found at +2.7 V
(anodic peak potential). The analogous oxidation step for the
bromo species is obscured by complicated anodic processes,
probably associated with the ligand-based oxidation of Br~
from the {NBr,} ligand set. Thus, the accessible electrode
processes can be summarized as in equation (2).

TeNX, —— [TeNX,|” == [TeNX, ——>  (2)
d°(Cl only) d! d?

The reversibility of the [TeNX,] ™" reductions allowed the
in situ electrochemical generation and characterisation of
[TcNX,]*~ species in an N,-purged thin-layer cell. Fig. 2(a) and
2(b) compare the spectral changes that occur upon reduction of
[NBu,][TcNCl,] and [NBu,][TcNBr,] at 218 K. Even under these
conditions, [TcNBr,]>~ showed signs of slow decomposition,
whereas [TcNCI,]*~ appeared stable over a period of 24 h.

The spectrum of orange d! [TcNCl,]” in CH,Cl, contains
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Fig. 1 Cyclic (a) and alternating current (b) voltammograms of
[NBu,][TeNCl,] in CH,Cl,~NBu,PF, solution
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Fig. 2 Spectroelectrochemical monitoring of the reversible reduction
of (a) [TcNCl,]™ to [TeNCLJ* and (b) [TcNBr,]™ to [TeNBr,J*™ in
CH,Cl,-NBu,PF; solution at 218 K. N.B. Regeneration of Tc¥ shown
in both cases

four relatively intense bands. The lowest of these, centred at
21 800 cm ™!, exhibits distinctive fine structure. A further weak
band is observed at 19 100 cm™'. Upon reduction to Tc¥ (d?),
all these bands collapse and the final spectrum is essentially
featureless below 35 000 cm ™. As a consequence, [TcNCI,]*~ is
almost colourless. This is unusual for chloro- and bromo-
complexes of a high-valent transition metal with an incomplete
dn subshell, such as TcY (d*, which might ordinarily be
expected to yield a wealth of low-energy XMCT bands.
Comparable behaviour for the corresponding Tc¥ oxo com-
pounds is described below.

The spectrum of [TcNBr,]™ is closely related to that of
[TcNCl,]” but consistently red-shifted by about 5000 cm™,
especially when the centre of gravity of each band manifold is
considered (see later Discussion). Electrogenerated [TcNBr,J*,
like [TeNCLJ*", is almost colourless [cf. Fig. 2(b)], with no
prominent bands until well above 30 000 cm™'. The broad
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Table 2 Spectral data for [TcOX,]* and [TcNX,]* (X=Clor Br; z=0, 1— or 2—)

viem ™ (e/Mtem ™)

Compound

[TcOCl,] “ 42 200 (sh) 33330 (5 900) 27 660 (1 200) 21400 (14) 17 000 (3) 11200 (11)

[TcOCl1,)? 40980 (16 000) 31 000 (sh) 28 120 (7 200) 25000 (sh) 17 230 (4 000) 11 300 (80)

[TcOBr,] ™« 39 800 (8 200) 33700 (sh) 28 100 (4 000) 22100 (110) 16200 (11)

[TeNCl,]™ 43110 (9 000) 33 340 (1 700) 24 580 (6 400) 22220 (2 300) 21 570 (2 300) 20900 (sh) 19 100 (280) 11 900 (40)

[TeNCL,] ¢ 33015 (1.5) 24505 (3.1) 22015 (2.4) 21465 (2.65) 20 700 (sh) 18 935 (0.6)

[TeNCL>? 43 500 (sh) 19 890 (260)

[TeNBr,] ¢ 37 120 (5 100) 33940 (5 900) 30 500 (sh) 28 600 (sh) 24 380 (600) 19 570 (3 200) 19 200 (sh) 17 980 (2 700) 16 320 (4 800) 13 180 (100)
[TeNBr,]™ ¢ 33215(1.1) 30 000 (sh) 28 000 (sh) 24 440 (0.45) 19920 (1.1) 19265 (1.1) 17 890 (1.15) 16 185 (1.35) 13 105 (0.2)
[TcNBr,J** 40 650 (10 000) 28 700 (1 000) 19 000 (sh)

“ At 218 K in CH,CI, containing 0.5 M NBu,PFg. ® Spectrum obtained by in situ electrogeneration under the same conditions.  Solid-state diffuse reflectance spectra, numbers in parentheses are relative peak heights.
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Fig. 3 (a) Cyclic (i) and alternating current (ii) voltammogram of
[NBu,][TcOCl,] in CH,Cl,~NBu,PF4 solution. Oxidation process of
free Cl™ (*) observable in the CV. (b) Cyclic (i) and alternating current
(ii) voltammogram of [NBu,][TcOBr,] in CH,Cl,~NBu,PF, solution.
Oxidation process of free Br™ (*) observable in the CV

absorptions near 20 000 and 30 000 cm ™! are connected with
the slow decomposition of [TcNBr,]*~, mentioned above. Less
clear-cut deviations in the base-line are also seen for [TcNC1,]*",
in Fig. 2(a). Further experiments are required to clarify the
possibility of weak (d-d) TcY bands falling in this region;
fortunately the spectral definition of the Tc"' species seems
unimpaired.

Reflectance spectra for powdered [NBu,][TcNCl,] and
[NBu,][TcNBr,] in the region 5000 to 35000 cm™' were
recorded and are detailed in Table 2. The spectra are well
resolved and, as can be seen from the comparison in Table 2,
correspond closely to those recorded for the electrolyte
solutions.

[NBu,]J[TcOCl,] and [NBuJ[TcOBr,]. Fig. 3(a) and 3(b)
compare the cyclic and a.c. voltammograms of [NBu,][TcOCl,]
and [NBu,][TcOBr,]. A reversible one-electron oxidation pro-
cess is observed for [NBu,][TcOCl,] at E:=+1.84 V, corre-
sponding to the TcYY/TcY (4d"/4d?) redox couple. This is consist-
ent with an earlier report of the existence of light-sensitive
TcOCl,."” The corresponding one-electron oxidation of
[TcOBr,]” is defined best by its quasi-reversible a.c. peak,
located at +1.73 V. The process appears irreversible by cyclic
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Fig. 4 (a) Spectroelectrochemical monitoring of the reversible oxid-
ation of [TcOCl,]” to TcOCl, in CH,Cl,~NBu,PF, solution at 218 K.
N.B. Regeneration of TcV is shown (* indicates position of possible
[TcClg)*~ contributions); (b) UV/VIS spectrum of [TcOBr,] ™ at 298 K

voltammetry (in lacking a return wave) at scan rates slower
than 100 mV s™!. However, at scan rates faster than 500 mV s™*
at 213 K, a small return component is observed, and the overall
CV wave is consistent with the position of the a.c. signal. Thus
in the [TcYX,]*™ systems, the d'/d* couple is displaced by ca.
1.5 V between analogous nitrido and oxo complexes (cf. Fig. 1
and Fig. 3).

According to cyclic voltammetry, the [TcOX,] reduction
process (d*d*) appears to be chemically irreversible for both
halides, with the cathodic peak potentials located at —0.52 (Cl)
and —0.39 V (Br) respectively. The [TcOBr,] " reduction
shows a distinct a.c. voltammetric response, not observed for
the chloro analogue. For both complexes the reductive process
is apparently accompanied by dissociation of X, indicated by
the emergence of characteristic signals on the return scan corre-
sponding to oxidation of free ClI- or Br~. Despite this, the
voltammetric reversibility of the [TcOX,] ™ couple was not
improved by the addition of halide in the form of anhydrous
NBu,X to the electrolyte medium [see equation (3)].

—n-

+e

< Jj— TeOX, == [TcOX,]”
d' (Br transient) d?

[TcOX., ]~ (3)
d? (expels X ")

Electrolyte solutions of pentavalent [TcOCl,]” and [TcOBr,]™
in CH,CI, are green and orange, respectively, even the bromo
complex has no strong absorption features below 25 000 cm ™
[¢f. Fig. 4(a) and 4(b)]. As we shall see, this in accord with their
status as diamagnetic TcY (4d?) centres containing a strongly
perturbing O~ ligand, with the first available metal acceptor
level sufficiently raised in energy to shift XMCT well into the
UV region. This formulation is also the basis for a sensible
description of their voltammetric behaviour.

The UV/VIS spectra of [NBu,][TcOCl,], [NBu,][TcOBr,] and
TcOCl, are summarised in Table 2. The in situ electrogeneration
of TcOCl, was performed in the OTTLE cell in CH,CI, at
218 K. The initial spectrum of diamagnetic [TcOCl,]™ displays
three broad absorptions, with the lowest-energy maximum near
28 000 cm ™. This differs measurably from the spectrum of iso-
electronic [TcNCl,]*~ which has no distinct bands below 35 000



Table 3 Optimised geometrical parameters (bond lengths in A, angles in °) and energies * (eV) for TcYX, species (Y = N or O; X = Cl or Br)

Nitrido species

Te-N Te—X N-Te-X Energy
[TeNCL, >~ 1.640 2.387 105.0 —30.839
[TeNCL]™ 1.639 (1.581) 2.315(2.322) 103.8 (103.3) —32.060
[TeNBr,J*~ 1.637 2.532 104.4 —28.883
[TeNBr,]™ 1.640 (1.596) 2.461 (2.482) 103.8 (103.0) —29.713
Oxo species

Tc-O Te-X O-Tc—X Energy
[TcOCl,]™ 1.674 (1.593) 2.298 (2.309) 107.6 (106.8) —30.790
TcOCl, 1.674 2.253 106.1 —26.685
[TcOBr,]™ 1.672 (1.613) 2.445 (2.460) 107.4 (106.6) —28.463
TcOBr, 1.678 2.402 105.8 —24.396

* Energies are relative to the energies of the component atoms calculated in their ground electronic state via spin-restricted calculations. Experi-

mental data are included in parentheses where available.
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Fig. 5 Molecular orbital splitting diagram for [TcNCl,] ™" and
[TcOCI,J""~

cm™ !, Electrogeneration at +2.4 V results in a colour change
from green [TcOCl,]™ to purple TcOCl, and the growth of sev-
eral new bands [Fig. 4(a)]. Despite the high generation poten-
tial, the purple colour of the Tc"" species is retained under N, at
293 K for at least 24 h if light is excluded. However, repeated
electrogeneration cycles between TcOCl, and [TcOCl,]” can
lead via oxidation of residual free C1™ to Cl, to the formation of
[TcClg)*~ [see also caption of Fig. 4(a)]. In contrast, the irrevers-
ibility of the [TcOBr,]”" couple precluded the characterisation
of TcOBr,. Upon oxidation in CH,Cl, in the OTTLE cell, the
starting spectrum of orange [TcOBr,]” shown in Fig. 4(b)
collapses irreversibly, as expected from the voltammetry.

Computational results

Optimised geometries and calculated electronic structures. We
have performed a series of density function calculations on d*
and d*> {TcYX,} complexes, in order to enhance our under-
standing of their electronic structures and relative redox poten-
tials, and to assist the assignment of the UV/VIS spectra. Table
3 lists the computed energies for the eight species, together with
the optimised geometries which were obtained assuming a C,,
square-pyramidal structure. Experimentally determined struc-
tural data for [TcNX,]~,*'¢ and for [TcOX,]” (X = Cl or Br)'®¥
are included for comparison. The computed geometries are
in good agreement with the experimental structures, with the
Tc—X distance and Y-Tc—X angles being particularly well
reproduced. The Tc-Y distances are slightly longer than those
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Fig. 6 Frontier molecular orbitals of TcYX, species (Y =N or O;
X =Cl or Br). Energies as in Fig. 5, with la, = zero

determined experimentally (by 3 to 4%), a consistent effect
already noted®® in a similar study of [OsNCl,]”, and in density
functional calculations of related species.? Comparing the calcu-
lated d* and d? structures (Table 3), we find that reduction causes
significant lengthening of the Tc—X bond, and a very slight
expansion of the characteristic Y-Tc—X angle, but that the
Tc-Y distance remains virtually unchanged. Similar compu-
tational results were obtained earlier for [MoNCl]  and
[MoNCL,J*", where comparison of known crystal structures for
the d” and d' species supported the computed structural trend.?
Finally, we note that the Tc—X bond is about 0.06-0.08 A
shorter in each oxo-species than in the isoelectronic nitrido
analogue.

Molecular-orbital splitting diagrams for the four chloro
complexes comparing the relative effects of the O~ and N*~
ligands in the d' and d? pairs are shown in Fig. 5.1 Fig. 6 shows a
schematic representation of the frontier molecular orbitals of
the d* {TcYCl,} species. The orbital arrangements shown in the
centre of Fig. 6 are representative of all the {TcYX,} species
discussed here. In contrast, the detailed nature of the e-
symmetry halide-based orbitals (especially Se and 6e) does alter
significantly between the nitrido and oxo species, as indicated in
the left- and right-hand side of Fig. 6. The HOMO of all these
{TcYX,} species is a Tc—X m-antibonding 2b, orbital lying in
the pseudo-{TcX,} plane and is predominantly metal d,, in

1 The orbital numbering scheme used here differs from that employed
elsewhere due to the inclusion of the sub-valence 4s and 4p electrons in
our calculations. For example, the 7a, and 6e orbitals in this work cor-
respond to the 5a, and Se discussed by Deeth?! and others.
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character. The Tc" d? complexes are therefore diamagnetic. To
higher energy lie the remaining three Tc-based levels, 4b,, 7e,
8a;, having major contributions from the d,._, d,/d, and
d.. orbitals, respectively, in antibonding combination with the
appropriate ligand orbitals. Below these Tc-based orbitals are a
cluster of predominantly halide-based non-bonding orbitals
the nature of which will be discussed in more detail below.
However, the highest lying, la,, is 100% chloride-based by
symmetry and provides a convenient energy zero in Fig. 5 and
Fig. 6, to which all the other levels have been referred. The
absolute energy of this orbital will be affected nevertheless by
coulombic effects and by the electron density prevailing at the
metal (see below). To still lower energy and not shown in Figs. 5
and 6, are the Tc-ligand bonding orbitals, including 2b, and 6a,
which (along with 4e) contribute strongly to Tc—X o-bonding.

The different energetic splitting of the Tc-based orbitals in
the d? oxo and nitrido species (cf. Fig. 6) obviously reflects the
differing donor properties of the two axial ligands. Through its
smaller nuclear charge, N*~ must be both a stronger c- and
n-donor than isoelectronic O*~.%2 This stronger electronic don-
ation by N3~ destabilises all the Tc-based orbitals in [TcNCl,]*~
relative to those of [TcOCl,] . Thus, although there is no con-
structive overlap between the donor orbitals of the axial ligand
and the in-plane Tc d,, orbital (2b,), the redox-active 2b,
HOMO of [TcNCLJ* is raised by 0.75 eV compared to its
counterpart in [TcOCl,] . This effect is augmented in the case
of the 8a; and 7e orbitals, which are directly Tc-Y o- and n-
antibonding respectively. In contrast, 4b, (lying in the pseudo-
TcX, plane, orthogonal to the axial ligand) is only 0.25 eV
higher in [TcNCLJ*~ than in [TcOCl,]", relative to non-bonding
la, in each case.

An explanation of the smaller displacement of 4b, can be
found in the detailed structures of the TcYCI, species. As noted
above, the Tc—Cl bond is always shorter in the oxo-species com-
pared to their isoelectronic nitrido analogues, which implies
stronger Tc—Cl interaction in the oxo species. This is reflected in
the energy of the strongly Tc—Cl c-antibonding (but empty) 4b,
orbital, as depicted in the MO diagram of [TcOCl,] . Increased
electron density at the metal in isoelectronic [TeNCL]*~ evi-
dently weakens the Tc—Cl interaction. For [TcOCl,]™ the axial
donation is not so strong and this is compensated by stronger
Tc—Cl bonding in the [TcOCl,]™ species, resulting in a shorter
Tc—Cl distance. This will also lead to closer Cl---Cl inter-
atomic contacts, accounting for the wider spread of the occu-
pied halide-based orbitals in the oxo species.

Comparative molecular orbital diagrams for d' [TcNCl,]
and TcOCI, present a pattern similar to their d*> analogues (cf.
Fig. 5). Oxidation causes relative stabilization of the Tc-based
orbitals, as expected. This stabilization is largest for the 2b, and
7e orbitals (ca. 0.6 eV) but is small (<0.2 eV) for the 4b, and 8a,
orbitals. Here the electrostatic effects of decreased electron-
density are counter-balanced by stronger M—X bonding in Tc"!
vs. TcY. Similar changes are calculated between [TcOCl,]” and
TcOCl,, although the effect is smaller (ca. 0.3 eV for 2b, and 7e,
and <0.05 eV for 4b, and 8a,). These differential effects of the
nitrido and oxo ligands have direct consequences for the UV/
VIS spectra where these Tc-based orbitals play the role of
acceptor orbitals in XMCT transitions.

The MO splitting diagrams computed for the TcYBr, sys-
tems are essentially equivalent to those described already,
except that the non-bonding bromide levels are about 0.5 eV
closer to the metal levels. This is a familiar consequence of the
lower electronegativity of Br, and the higher energy of the 4s
and 4p orbitals compared to their 3s and 3p Cl counterparts.

The nature of the singly occupied 2b, orbital in [TcNCl,]™
has also been studied elsewhere by polarised neutron diffraction
experiments supported by theoretical calculations, and this
level was found to contain ca. 30% Cl character.”?* This
resembles the 36% CI character obtained here. Our calculation
on TcOCI, bears instructive comparison with that reported by
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Table 4 Calculated transition energies (cm™?) for [TcNX,] ™ (X =Cl
or Br)

Transition [TeNCL]*  [TeNCl]”  [TeNBr]*”  [TeNBr]™
Charge transfer processes

la,—> 2b,* 14 000 9000
6e—> 2b, 17 300 13400
3b;—> 2b,* 19900 15100
Se— 2b, 20 100 15770
4e —> 2b, 29 500 26 200
la,—> 7e 38 600 32900 34 100 28 200
6e—> Te 38 600 34 600 36 100 31 600
3b,—> 7e 43700 38 200 39 300 33 700
Se—> Te 43700 38 700 39 400 34 500
Ta,—> Te 42700 39 600 40 600 37200
de —> Te 49 700 47 400 47100 44 500
6e— 4b, 37 600 35200 32 500 29 600
Se— 4b, 40 700 37900 34 700 31900
3b,— 4b, 41 000 37 500 34 700 31100
d-d Transitions

2b,—> 7e 17 600 22 600 17 900 22 600
2b,—> 4b, 14 500 21 800 13200 20 100
2b,— 8a, 25500 32800 26 000 31 500

* Orbitally-forbidden process.

Deeth?! for isoelectronic [MoOCI,] . The main difference is the
relative stabilisation of the metal-based orbitals (the calculated
la,—> 2b, gap is only 0.8 eV for TcOCl, compared to 2.3 eV
for [MoOC],]") and greater ligand character (= greater delocal-
isation) in the metal-based orbitals of TcOCl,. Both results
reflect the higher core-charge of TcY? compared to Mo". Several
low-intensity bands occurring in the visible region of the spec-
trum of [MoOCI],]™ have been assigned to d-d bands or orbit-
ally forbidden charge transfer processes.”®* In the case of
TcOCl,, the easier reduction of the metal centre means such
features are largely obscured by the red-shifted intense charge-
transfer processes into the low-lying metal acceptor orbital (see
below).

Calculated charge-transfer energies. The intensities of the
major bands (¢ > 1000 dm?® mol™! cm™) in the spectra of d'
and d* TcYX, species are consistent with their assignment as
charge-transfer processes. As the highest occupied ligand orbitals
are predominantly halide-based, excitation from these orbitals
into one of the vacant Tc-based orbitals are properly classified
as halide-to-metal charge transfer (XMCT). Accordingly, we
have calculated energies for all spin- and orbitally-allowed
XMCT transitions that occur within the spectroscopically
accessible range. For C,, symmetry, all transitions involving an
e-type orbital are orbitally-allowed, as are transitions between
two orbitals of the same symmetry. The calculated XMCT
energies are listed in Table 4 for d' and d®> TcNX, and in Table 5
for [TcOX,]” and TcOCl, with the energies calculated for d—d
transitions and selected orbitally-forbidden processes also
included.

Composition of halide-based donor orbitals. In addition to
transition energies and the symmetry constraints described
above, the intensities of each transition must also be con-
sidered. Oscillator strengths of XMCT bands are known to be
related to the relative orientations of the halide donor and
metal acceptor orbitals involved in the transition.?* Detailed
analysis indicates that the significant contribution to XMCT
intensities is derived from the presence of similarly orientated
halide character in both the donor and acceptor orbitals.?>2¢

Unfortunately, we are unable to compute oscillator strengths
directly in this present work. However the relative orientations
of the orbitals involved provide a qualitative idea of the likely
transition intensities. Fig. 7 shows how the halide symmetry
orbitals of a planar {X,}* array arise from the various com-



Table5 Calculated transition energies (cm™?) for [TcOX,]”~ (X = Clor
Br)

Transition [TcOClL,]™ TcOCl, [TcOBr,]~
Charge transfer processes
la,—> 2b,* 8 800
6e—> 2b, 15 600
3b,— 2b,* 15900
Se— 2b, 18700
4e —> 2b, 29 200
la,—> 7e 22400 18700 17 700
6e—> Te 27 800 24700 23 500
3b,—> 7e 28 500 25200 24 200
Se—— Te 31300 27 400 27 300
Ta,—> Te 36 500 33 500 32 600
4e— Te 40 100 38 300 37 100
6e— 4b, 37900 36 200 31 600
Se — 4b, 41700 38 400 35700
3b,— 4b, 38900 36 900 32 500
6e —> 8a, 35900 35320
Se— 8a, 39 300 38 540
Ta,—> 8a, 44700 44 300
d-d Transitions
2b,—> Te 9300 13200 9 608
2b,—> 4b, 18 600 24 400 17 100
2b,—> 8a, 19 200 25100 18 800
* Orbitally-forbidden process.
N
¢ in-plane \
S
aj(ayg) bi(bsg) e(ey)
n in-plane >
a(az) by (beg) 7 e(eu)
= out-of-plane
aj(az) by(bzy) e(eq)

Fig. 7 Halide p-orbital combinations associated with the planar
{X,}*" array in a pyramidal C,, environment (D, labels added)

binations of twelve halide p orbitals.® We use C,, symmetry
labels to identify the orbitals characterising the {X,}*~ array for
ease of comparison with the present {MYX,} analysis; the
higher-symmetry D,, labels given in parentheses. For the five-
co-ordinate Tc complexes under study, three of these orbitals
(those contained in braces in Fig. 7) are strongly stabilised by
their bonding interaction with the metal orbitals, and do not
figure in subsequent discussion. The six remaining available
levels (counting each e-pair only once) form the basis of the
series of occupied halide-based orbitals shown in Fig. 6. This
manifold features two in-plane m-orbitals (a, and e), one in-
plane c-orbital (e) and three out-of-plane n-orbitals (a,, b; and
e). Although the out-of-plane © e-pair appears to have the cor-
rect orientation to interact with the Tc e orbitals (d,/d,,), this
interaction is small, due to both the Y-Tc—X angle, which
reduces overlap between these two orbitals, and to the much
stronger interaction of the empty metal e-level with the e-type
donor orbitals of the axial ligand, Y.

Table 6 Calculated major orbital percentage contributions to e-type
donor orbitals in d' [TcYX,] species (Y=N, X=CI or Br; Y=0,
X=CQl)

6e Se 4e
[TeNCl,]™ c-in-plane 16.0 2.5 57.4
n-in-plane 38.7 44.2 14.3
n-out-of-plane 32.8 46.0 16.8
axial 11.6 5.0 10.9
[TecNBr,]~ c-in-plane 17.1 0.9 62.2
n-in-plane 55.5 27.1 15.1
n-out-of-plane 20.7 64.5 6.4
axial 6.5 5.2 9.9
TcOCl, c-in-plane 12.1 0.1 58.0
n-in-plane 82.6 2.1 13.2
n-out-of-plane 0.8 86.9 3.0
axial 33 0.0 184

* 10% Metal character.

The composition of the non-bonding halide orbitals in the
TcYX, species derived from this picture may be complicated,
by mixing of axial ligand character and/or by mixing between
the three halide-based e orbitals. The extent of these effects is
detailed in Table 6 for the d* species (similar orbital character-
istics are computed for the halide-based e-levels of the d* spe-
cies). The calculations indicate that the degree of axial ligand
character involved in these orbitals is rather small. However, the
in-plane/out-of-plane mixing within e-symmetry differs greatly
from one species to another. For TcOCl, little mixing occurs,
and the three e-type donor levels remain relatively pure in terms
of their spatial orientation, i.e. 6-in-plane, n-out-of-plane and
n-in-plane for 4e, Se and 6e respectively (¢f. Table 6 and Fig. 6).
This is not the case for the nitrido species, in which considerable
mixing of in- and out-of-plane m-character appears to be
induced by the presence of the N*~ ligand. Such variations in
the physical nature of the halide donor orbitals will be import-
ant in assigning the UV/VIS spectra of these systems.

Discussion
Trends in redox potentials

We have recently compared the d%d' couples of octahedral
MoClq, pseudo-octahedral [MoOCls]™ and square-pyramidal
[MoNCl,]”.2 It was found that the substantial changes in redox
potentials in these complexes were linked to the extent of
negative-charge donation by the axial ligands. This capability
(and hence the stabilisation of the higher metal oxidation state)
increases, as the axial ligands vary, in the order {Cl---Cl}*~ <
{O---ClI}* <N*. For the present Tc systems, the larger
interaction of the nitrido ligand compared to the oxo ligand
is evident in the calculated MO splitting diagrams (Fig. 5).
Relative to the non-bonding la, orbital, the 2b, HOMO is
destabilised by 0.75 eV for [TcNCL]* with respect to
[TcOCl,]". In other words, axial destabilisation is greater for
N3~ than O* and so the d>—— d! oxidation, which removes
an electron from the b, orbital is more facile for [TcNCI,]*~
than [TcOCl,]". Indeed a subsequent d'—— d° oxidation is
observed for [TcNCl,]", while the equivalent process is not
accessible for TcOCl,.

Fig. 5 makes clear that the effect of the strong Tc—N inter-
action is even more marked in destabilising the unoccupied d-
orbitals, in particular the 7e and 8a, orbitals which are directly
Tc—-N antibonding. As a consequence, no further reduction of
[TcNC1,]*~ (which would require population of the 7e orbital)
is observed within the solvent range. In contrast, although
irreversible, the d>—— d? reduction of [TcOCl,] ™ is observed at
a relatively accessible potential.

It is notable that the redox potential for [TcNCl,] ™ is very
similar to that reported for the isovalent [MoNCl,] >~ couple
(see Table 1), despite the unit increase in elemental atomic
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number (which assists reduction through core-charge effects).
The reason lies in the enforced spin pairing in the energetically
isolated b, orbital for d* [TcNX,J*", and the resultant loss of
exchange energy; this makes addition of one electron much
more difficult than would otherwise be expected for Tc¥!. For
the parent hexahalide complexes, in contrast, the isovalent vi/v
couples are as follows, for [MoClg”" (d%d"), Ez= +2.2'V, and
for [TcCl]”~ (d'/d?), Ei= +3.2 V (estimated).”” This shift of
ca. 1 V in potential between the neighbouring [MoCl]”~ and
[TcClg]”" couples reflects the normally dominant role of the
metal core charge. In the MX 4d” complexes, the deviation in
E; values due to spin-pairing is of course observed for the d3/d*
couple. Thus, the [TcClJ* "~ (d*/d*) couple is almost coincident
with [MoClJ* *~ (d*d®) despite technetium’s greater core
charge.'®!! Turning to the oxo-analogues, the d%/d! [MoOCl] ">~
couple occurs at +1.70 V, while the d'/d* [TcOCL,]”" couple is
observed here at Ei= +1.84 V. Both experimental and theor-
etical evidence suggests that the effect of the axial fifth chloride
ligand on the Mo couple is small. The calculated electron
affinity of [MoNCl,]™ is —1.22 eV? while the energies quoted
in Table 3 lead to the same value (—1.22 eV) for the electron
affinity of [TcNCl,]". Our analogous calculations§ on MoOCl,
and [MoOCl,] ™ give an electron affinity of 4.04 eV for MoOCl,
compared to 4.11 eV calculated here for TcOCl,. For the
TcY™ couples, we find the corresponding experimental elec-
trode potentials take the values +1.95 V for [TcCl] *~?® and
—0.52 V for [TcOCl,] ", with the corresponding [TcNCl,]* "~
unobserved but presumably well beyond —2.6 V. These observ-
ations illustrate that the pattern of redox data for isovalent
series of analogous metal complexes is crucially dependent on
the splitting and occupancy of the metal d orbitals and therefore
on the co-ordination environment (including geometry and
ligand identity).

The measured redox potentials of the TcYBr, species are
similar to their chloro analogues, as commonly observed in 4d"
and 5d" halide complexes.>* From an electronic structural
viewpoint, the same degree of Tc—X mixing is calculated in the
metal-based orbitals, despite the bromide donor orbitals lying
at higher energy than their chloride counterparts. It seems the
smaller energy mismatch between the Tc 4d and Br donor
orbitals is offset by the intrinsically greater Tc—Br internuclear
separation which reduces the metal-halide overlap. Overall, the
condition of the metal centre appears similar in analogous
chloride and bromide complexes.

General trends in optical spectra

It is noteworthy that TcY™N complexes which lack co-ordinated
halide, such as [TcN(H,PO,),]” and [TcN(HSO,),] ", give colour-
less solutions and show no intense absorbances below 30 000
cm . In contrast the UV/VIS spectra of the {TcYX,} species
examined here are dominated, as expected, by halide-to-metal
charge transfer ‘XMCT’ bands. However in some respects these
spectra are surprising. For this reason, it is helpful to review the
distinguishing characteristics of familiar systems containing a
planar {MX,} chromophore. Low-spin d*> complexes such as
Dy, trans-[RuX,(MeCN),]” or C,, trans-[OsX,(CO)(MeCN)]~
(X = Cl or Br)*%3! are analogous to the present d* Tc species in
that they possess a singly occupied metal-based acceptor orbital
(d,,) lying in the {MX,} plane, and they display an unmistak-
able spectral signature in the form of an intense charge-transfer
doublet as explained below. Group theory predicts only two
allowed XMCT transitions from several distinct ligand levels of
Fig. 7; viz. 2 X e, —> by, assuming local D, symmetry. Form-
ally forbidden promotion from a,, or b,, represents excitation
from an out-of-plane (or ‘vertical’) halide symmetry orbital to
the in-plane dn metal acceptor orbital; this is a relatively un-

§ Optimised parameters for MoOCl,: Mo-O 1.691, Mo—Cl 2.276 A;
O-Mo-Cl 103.9% for [MoOCl,]: Mo-O 1.699, Mo-Cl 2.329 A;
O-Mo-Cl 105.8°.
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favoured process (as explained in the next section) and such
bands are not observed. In contrast, the two sets of ligand-
centred e, symmetry orbitals do lie in the xy plane; though
formally subject to mixing they have essentially different ori-
gins, in-plane X which is uppermost in energy and in-plane Xo
which is more stabilised (cf. Fig. 7).

Accordingly, two XMCT manifolds are observed in the spec-
tra of such d*® trans-MX,L, species, a prominent visible band
due to in-plane X(n/c)——> M(dn), and a less intense band
attributable to in-plane X(o/n) ——> M(dn) lying some 10 000
to 15000 cm ™! higher in energy (i.e. well into the UV region).
Since there is the possibility of symmetry-mixing between the
two e, levels, the m/c notation is employed to indicate pre-
dominant 7 character. The orbital degeneracy of the halide e,
levels means that the CT excited state is subject to ligand-
centred spin—orbit coupling which causes distinctive band split-
ting of 700-900 cm™* for MCl, centres (not always resolved),
expanding to 2000-2500 cm™! in their MBr, counterparts.’
Another diagnostic characteristic of these systems? is that when
Br replaces Cl, the centre of gravity of the leading doublet
[due to X(m/oc)—> M(dn) excitation] shifts by about 6000
cm !, in accord with their standard optical electronegativities.*?
A weak but characteristic satellite band is seen on the red edge
of the principal X(n/c)——> M(dn) doublet band in trans-
[RuX,(MeCN),]” and related complexes; this has been assigned
to the in-plane but symmetry-forbidden XMCT excitation,
8, —> bye. When d' [TcNCI,]™ and [TcNBr,] ™ are dissolved in
aqueous HCI or HBr,' XMCT spectra unmistakably resem-
bling the MX, archetype are observed. It is impressive to realise
that in this case as well, albeit for very different reasons, the
only readily accessible metal-acceptor level is the singly occu-
pied d,, orbital.

Remarkably enough, spectral profiles very similar to those
described above are also observed for the XMCT manifold
of metal-metal bonded [M,X]*~ complexes (M =Tc or Re;
X=Cl, Br or I; z=2 or 3), dictated by the presence of the
{MX,} chromophore. The M—M &* molecular orbital (locally
akin to d,,) is the metal-based acceptor orbital in this case.”
Despite the presence of the M—M triple bond and the departure
from planarity within the MX, moiety, the same unmistakable
XMCT envelope is observed for these binuclear species. These
well-behaved M,Xg*" examples are introduced particularly
because [Tc,Xg]*” and TcYX, share a very similar pyramidal
displacement of the metal above the {X,} plane, with experi-
mentally determined Tc—Tc—X and N-Tc—X angles of 104 and
103° respectively.

The visible spectra of [TcNX,]™ dissolved in ca. 7 M HX
resemble those anticipated for a normal {MX,} chromophore,
and this circumstance justifies the attention devoted to such
species above. However the spectra of the nitrido complexes
dissolved in MeCN or CH,Cl,, or in the CH,C1,-0.5 M NBu,BF,
electrolyte, show further complexities that are obvious in Fig. 2.
Comparative solution studies** demonstrate that axial solv-
ation or anation is definitely not responsible for the additional
bands encountered in these media. Thus, [TcNX,]™ spectra
in butan-2-one are similar to those in MeCN, but progressive
addition of co-ordinating dioxane simplifies the spectrum until
the ‘typical {MX,} profile’ is achieved.*® In summary, the
species in HX,, is now thought to be [TeNX,(H,0)]” and it
appears that axial solvation or anation is responsible for the
simplification of the spectra in such solvents (rather than the
reverse!). This confirms our conclusions based on the present
reflectance measurements on powdered samples of [NBu,l-
[TcNX,] (X = Cl or Br), where the five-co-ordinate nature of the
metal centre in the crystal lattice is certain. The solid-state spec-
tra (5000 to 35000 cm™!) correspond in detail with the Tc"!
spectra presented in Fig. 2(a) and 2(b), as evident from Table 2.

The general account of {MX,} chromophores® outlined
above gives no indication of how such unforeseen complexities
could arise for [TcNCl,]", especially when not observed for



isostructural TcOCI,. Indeed, initially these spectra seemed
challenging enough to undermine the basis of the previous,
intuitively simple view of such chromophores. In the following
discussion, the density functional calculations are employed to
investigate and resolve this intriguing problem.

There is also a more straightforward distinction between the
d’ species considered earlier and the present d* or d* Tc systems,
namely that, at least in principle, excitations to the vacant,
higher-lying d orbitals (d,./d,, = 7¢) should also be observed.
This is particularly clear in the spectra of [TcOX,]™ (see below),
and helps to map the energetic relationship between the various
dr levels (assuming reliable assignments can be made).

The nitrido complexes

(i) [TeNCL]* and [TeNCL]™. The spectrum of electrogen-
erated d* [TcNCl,]*~ shows no strong absorption below 35 000
cm!. The absence of low-energy CT bands reflects the lack
of a low-lying acceptor orbital, due to the double occupancy of
the 2b, orbital and the extremely strong Tc-N interaction
which destabilises all the metal acceptor levels, but especially
7e. In [TcNCLJ*" this reaches the point that n-destabilised 7e
is accidently degenerate with c-antibonding 4b; (d._ ).
(Although these approximate descriptions are helpful, strict
differentiation between o- and m-type M—L bonding is lost in
the heavily pyramidal C,, MYX, framework.) The first XMCT
transition is calculated to be 6e—— 4b, at 37 600 cm’,
although several other promotions involving both 7e and 4b, as
acceptor orbitals are predicted to lie nearby.

Regeneration of [TcNCl,]™ [as in Fig. 2(a)] sees the recovery
of the three characteristic bands at 21 900, 24 580 and 33 340
cm ', All of these bands are likely to arise from promotions to
the now singly-occupied 2b, orbital. Symmetry and energy con-
siderations jointly suggest these transitions are most likely to
involve promotion from an e-type ligand level, of which there
are three, and this is also consistent with the doublet structure
of the band centred at 21 900 cm™'. However, the presence of
three bands for [TcNCl,]” in CH,CI, solution stands in contrast
to the behaviour of typical MX,L, chromophores which exhibit
only two strong XMCT bands some 10 000 cm ™! or more apart,
as noted above.

In general terms, for a transition to the in-plane 2b, (dm)
acceptor orbital to have significant intensity, the donor orbital
must also exhibit significant in-plane n-character. In other
words, the requirement is for commonality of bonding char-
acter, as well as halide admixture in the acceptor orbital. Table 6
indicates that a substantial (and quite exceptional) degree of
mixing of in-plane and out-of-plane (= ‘vertical’) © character
occurs in the e-type donor levels in [TcNCl,]™. As a result all
three e-type donor orbitals have significant in-plane ©t character
and promotions from all three to the 2b, acceptor orbital are
observed. The energies of these transitions are calculated at
17 300, 20 100 and 29 500 cm ™%, for the 6e, Se and 4e donor
levels, respectively, consistently about 4000 cm ™! lower than the
observed bands. A similar, roughly uniform under-estimation
of the energies of XMCT processes by density-functional
methods has been noted before, in SCF-Xa calculations.? Tt is
encouraging that the e —— 2b, computations correctly repro-
duce the splitting of the three absorptions. We conclude the
observed bands at 21 900 and 24 580 cm ™! can both be assigned
to in-plane Cl (n/c)—— Tc (dm) promotions, and the one at
33 340 cm ™! assigned to in-plane Cl (¢/1) — Tc (dn).

Two weak features remained to be assigned in the visible
spectrum of [TcNClL]: the band at 19100 cm ™! and the
shoulder at 20 900 cm™'. These bands only appear in the spec-
trum of the oxidised species and probably arise from symmetry-
forbidden processes involving the 2b, acceptor orbital.
Two possibilities are la,—> 2b,, corresponding to the
la,,—> 2b,, transition proposed for [MX,L,]” species, and
3b,—> 2b,, as already identified for related [MoOC],]” and
[MoOCI,(H,0)] .2

The general stabilisation of the Tc-based orbitals upon oxi-
dation means that the transitions to the upper-storey 7¢ and 4b,
orbitals for [TcNCl,]*" are calculated to be red-shifted by
between 2300 and 5700 cm ! in [TcNCl,]". The shift to lower
energy of the intense UV absorption edge [Fig. 2(a)] seems to
be of about this magnitude, so promotions to these levels prob-
ably account for the broad new absorption maximum at 43 000
cm™! in [TcNCl,]". Definitive assignments in this region are
hampered by the proximity of a number of allowed transitions,
and by uncertainties over whether or not a systematic adjust-
ment of ca. 4000-5000 cm™* can be applied legitimately to all
the calculated CT energies. For [TcNCl,]~, without being pre-
scriptive, we note that among the seven contending transitions
in Table 4 with calculated energies between 34 000 and 40 000
cm ™!, 3b,——> 4b,, and especially 6e—> 4b, are eminently
suited in terms of donor/acceptor-level compatibility to con-
tribute to the intense higher-frequency UV bands. If this is the
case, the intensity of the 43 000 cm™! maximum owes a lot to
the element of Xo—Mg character, which is a familiar finding for
similar bands in other halide complexes.”® On the other hand,
in [TeNCl,]", the composition of 7e reflects far more Tc-N
interaction than Tc—Cl, interaction (46% d,.,d,, and 42% axial
N rn-character vs. 8% net Cl in-plane m-character; ¢f. Fig. 6)
suggesting this acceptor level is distinctly less well-suited to
XMCT.

(ii) [TeNBr,J*~ and [TeNBr,]™. Like [TcNCL]*~ (discussed
above), and for the same reasons, electrogenerated [TcNBr,J* is
notable in having no intense absorptions below about 35 000
cm™!. This is quite remarkable for a high-valent metal bromide
and reflects the extreme axial perturbation of the parent octa-
hedral t,, orbitals by the axial N*~ ligand, sufficient to impose a
low-spin d? configuration on the complex.

The regeneration of [TcNBr,]™ is shown in Fig. 2(b). Con-
sidering first the higher UV region, we note the red-shift of the
intense absorption upon oxidation brings two intense maxima
into the accessible range, at 34 000 and 37 000 cm™'. Among
many possibilities, 3b, — 4b, and 6e —> 4b, stand out as
strong contenders to contribute to these bands (Table 4) exactly
as for [TeNCl,]", with 6e—— 7e the most likely means of
achieving CT to 7e although this promotion appears physically
less favoured than the transitions to 4b,.

On first inspection, the visible manifold of d' [TcNBr,]
appears to contain three strong maxima, instead of the single
well-spaced doublet expected for a simple MX, chromophore.
It is helpful to explain immediately that the manifold actually
contains four components in the form of two spin—orbit doub-
lets that straddle one another. Further solution studies on
[TcNBr,]™ confirm that this envelope should be interpreted as
two overlapping spin—orbit doublets (with components at
16 300/19 200 and 17 900/19 600 cm™?) centred at 17 800 and
18 800 cm™! respectively.?* Thus, [TcNBr,]” actually corre-
sponds closely with its chloro analogue by having two
e— b, X(n/o) — Tc (dn) transitions in this spectral region.
Examined more critically, the two complexes differ in the sense
that the lower-energy doublet (comprising the first and third
components) is the more intense of the two for the bromide,
while the reverse is true for [TcNCl,] . In addition, [TcNBr,]
reveals a broad doublet shoulder centred at 29 000 cm ™' which
may correspond to the band above 33 000 cm ™! in [TcNCl,] .
The bathochromic shift between [TcNBr,]” and its chloro
analogue is fairly consistent at 4000 to 6000 cm ™" for these three
spectral features, assuming the correct correlations have been
drawn.

The experimental bathochromic shift of the XMCT bands in
the spectrum of [TcNBr,]™ is reproduced by the trend in calcu-
lated energies for the three e—— b, type transitions, which
have much the same mutual separations as those derived for
[TcNCl,]™. The multiple absorptions between 15000 and
21000 cm™! are then assigned to two in-plane XMCT pro-
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cesses, be — 2b, and Se —— 2b, (£, = 13400 and 15 700
cm™! respectively; shifted by some 4000 cm ™! from their calcu-
lated chloro-counterparts). It was noted above that the relative
intensities of the bands associated with the 5¢ and 6e — 2b,
manifolds have changed compared to those observed for the
chloride. We find that this is reflected in the calculated decrease
in the in-plane n-character of the 5e orbital for [TcNBr,]™ vs.
[TeNCL,]™ (27 vs. 39%) and the coupled increase of in-plane n-
character for the 6e orbital (56 vs. 44%), cf. Table 6. Perhaps
more dramatic is the observation that in ‘well-behaved’ TcOCl,
(see below) the corresponding figure for in-plane m-character is
2% for Se and 83% for 6e, so that in this isostructural complex all
the intensity resides in the one 6e —— 2b, in-plane promotion.

By analogy with [TcNCl,]", a third in-plane XMCT band
rich in o-character (4 —> 2b,, E,,;. =26 200 cm ') is antici-
pated. This corresponds well to the double shoulder in the
bromide spectrum at 28 500 and 30 000 cm~'. Another clearly-
defined band is observed nearby, at 24 400 cm™!, but given
that our computed energies seem consistently lower than the
observed energies, it would be difficult to justify transferring
the very reasonable 4¢e —— 2b, assignment given above. At
present, we do not have a definite explanation for this minor but
interesting feature. Finally, the weak band at 13 000 cm ™! can
be assigned to the orbitally forbidden in-plane la,— 2b,
XMCT transition (equivalent to the 19 000 cm™! band for the
chloride).

(iii) Spectra of [TcNX,]™ in concentrated aqueous acid. As
mentioned above, the species formed in 7.5 M aqueous HX
is believed to be [TcNX,(H,0)]” (where X =Cl or Br). The
spectra of these two solvated species are characterised by a loss
of intensity of the ‘extra’ X(n/c)—— Tc(dn) band, which
corresponds to the 6e—— 2b, transition of the unsolvated
species. Preliminary calculations on [TcNCI,(H,0)]™ support
this idea. The C,, symmetry of this molecule results in the
e-type levels being split into b, and b, contributions and also
removes the possibility of numerically partitioning in-plane ¢
and © character in our computational analysis. However the
average fotal in-plane character of the 6b,/6b, (~5¢) and 7b,/7b,
(=6e) pairs of [TcNCl,(H,0)] are calculated to be 71 and 25%,
respectively. The equivalent orbitals in C,, [TcNCl,]~ exhibit 47
(5e) and 55% (6e) total in-plane character, most of which is in-
plane w (5¢/39%, 6e/44%). This demonstrates a marked reduc-
tion of in-plane n-character in the 7b,/7b, (=6e) orbitals upon
formation of the adduct, consistent with loss of absorption in
the region where the ‘extra’ Cl(n/c) — Tc(dm) band is found
for five-co-ordinate [TcNCl,]". A weak band is observed at
20 800 cm ™! in the aquated species. This might be a remnant of
the lower-energy Cl(n/c) —— Tc(dm) transition just discussed
(6e —> 2b,), or a spin-forbidden process equivalent to the
a,, — by, excitation described earlier. A similar weak feature
in the spectrum of [MoOCI,(H,0)]” has been assigned to the
3b, — 2b, transition, in accord with MCD evidence which
was unequivocal in that instance,?® but that assignment does not
seem to suit the [TcNX,]™ species in energetic terms.

The oxo complexes

[TcOCL,]™ and [TcOBr,]". It is noticeable in Fig. 3 (and Table
2) that the oxotechnetium(v) complexes [TcOCl,]” and
[TcOBr,]™ possess a strong well-defined band in the midst of the
UV region (at ca. 33 000 and 28 000 cm ™! respectively), in con-
trast to their nitrido-analogues. As shown in Fig. 5, replacing N
by O is computed to lower the 7e level selectively. The low-spin
d? configuration is retained although the calculated splitting
between the 2b, and 7e levels in [TcOCl,]” diminishes to ‘only’
8000 cm ! compared to the enormous 20 000 cm ™! 2b,/7e split-
ting encountered in [TcNCl] . Accordingly, the 7e level
becomes accessible to XMCT processes in [TcOX,]” complexes
at frequencies within the normal spectral range. The next
acceptor orbital in [TcOCl,]” (8a;) is computed to lie nearly
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10000 cm™" above 7e. These considerations mean that the
33000 cm ™! band in the spectrum of [TcOCl,]~ (and its partner
in [TcOBr,]") can be confidently attributed to XMCT processes
involving the 7e acceptor level.

More detailed assignment of this absorption is problematic.
Transitions from all six Cl-based orbitals to 7e (cf. Table 5) are
allowed by symmetry. One of these, 4e ——> 7e, can certainly be
ruled out for energetic reasons (E,, =40 100 cm™); likewise
7a,—— Te is probably already too high in energy to explain the
33300 cm ! band (E,,. = 36 500 cm ™), given the tendency for
under-estimation in the calculations. Examining the nature of
the computed 7e level more closely, one notes that while the
metal character is predominantly out-of-plane n (ca. 55% Tc,
d./d,,) the major contribution from the four halide ligands has
in-plane o-character (17%), with, perhaps unexpectedly, less
than 2% vertical halide © character. Given that the presence of
similarly oriented halide character in both donor and acceptor
orbitals is paramount in determining XMCT intensities, the
donor levels with significant in-plane c-character deserve most
attention. This clearly discounts excitation from the 1a, donor
orbital (100% m) as the source of an intense transition, and Se
likewise (<1% in-plane &, 2% in-plane nt, 90% out-of-plane =).
The make-up of the three remaining donor levels is as follows,
6e (13% in-plane o, 83% in-plane ), 3b, (20% in-plane o, 75%
out-of-plane ) and 7a, (10% in-plane o, 75% out-of-plane =,
but probably too energetic for this region) suggests that 6e and
especially 3b, are most likely to be implicated in the observed
spectrum. The corresponding levels in [TcOBr,]” have very
similar compositions (within 1%) to those described for
[TcOCl,]". Finally, we note that the 3b, —— 7e promotion is
xy-polarised, with a tendency to shift electronic charge within
the MX, pseudo-plane, whereas 6e —> 7e is z-polarised and
likely to be intrinsically weaker in terms of XMCT. Direct
computation of oscillator strengths would clearly be of help in
this regard. It is worth stressing how the calculated make-up of
7e in the oxo complexes is significantly different from the situ-
ation in the nitrido system, discussed above, where 7e embodies
a major contribution from the axial ligand and is ill-suited to
halide-to-metal CT processes. A weaker but distinct band at
28 000 cm ™! might be considered to be 6e —> 7e, which would
require E,, to coincide with E,, for this transition.

Similar issues are involved in the assignment of the intense
higher energy band, located at 42200 cm™' in [TcOCl,]” and
39800 cm ™! in [TcOBr,] . For [TcOCl,]”, considering in turn
the six transitions in Table 5 with E_,. in the range 36 to 40 kK
(to allow for the probable underestimation by 2000 to 5000
cm '), we have 7a,,4e —— 7e [though z-polarised e/e XMCT
excitations can be relatively unpromising, as noted above];
6e,3b, —> 4b, [both promising]; S5e,6e —> 8a,; [6e —> 8a,
can be dismissed through zero orbital compatibility]. Similarly,
Se — 8a, depends on the mutual vertical halide character of
donor and acceptor (90 and 17% respectively), but this vertical
character is seen to switch abruptly from strongly Xm (5e) to
Xo (8a,) in its nature. As already implied 7a, to 8a, is too ener-
getic to deserve serious consideration. In summary, among the
calculated transitions, 6e and 3b, —> 4b; are optimal ener-
getically, and both derive intensity from the shared halide ¢ in-
plane character of their donor/acceptor levels. (With these
should be included 4e —— 7e, given the substantial in-plane ¢
character of the donor level.)) This is consistent with the
strength of the observed band, and fulfills our expectation that
metal-halide complexes will exhibit strong absorption in
this region with an element of X_~M, character.?® The moder-
ate Cl/Br bathochromic shift is also in accord with expect-
ations for such transitions (based on differential Xo optical
electronegativities).

TcOCl,. Most importantly, oxidative electrogeneration of
TcOCl, leads to growth of a new band at 17 200 cm™! which is
assigned as the first allowed in-plane Cl(nr) — Tc(dn) process



(6e—> 2b,, E,.=15600 cm™). On this occasion, a third
intense in-plane XMCT band is not expected because the
5e donor orbital possesses less than 2% in-plane m-character
in the oxo species (¢f Table 6). Thus the calculations reveal
that the disposition of the three halide-based e-type donor
levels is crucially affected by the identity of the axial lig-
ands, and we suggest that this is the reason for the contrasting
optical charge transfer spectra of [TcNCl,]™ [with two in-
plane Cl(n/c)— Tc(dm) transitions] vs. TcOCl, (with one).
The remaining weak feature in the visible region at 11 300 cm ™
is presumably a d-d transition as predicted (Table 5), and
tends to confirm the theoretical calculation of the 2b,/7¢
splitting.

Oxidation of [TcOCl,]" is also associated with the expected
red-shift in the mid-ultraviolet manifold, provisionally attrib-
uted in the TcY case at least in part to 3b, — 7e. In Fig. 4(a),
this appears as a broad feature at 28 100 cm™! with distinct
shoulders at 31 000 and 25000 cm™!, although the depicted
manifold is complicated by the presence of [TcCl* as an
impurity in the reverse electrolysis (reduction) of TcOCl,.
According to Table 5, this essentially ‘X(vertical)-to-dn-
(vertical)’ transition 3b, — 7e shifts to E,,. = 25200 cm ' in
the Tc¥* compound (maintaining its favourable donor/acceptor
orbital characteristics). Energetically, 6e—— 7¢ tends to
accompany 3b;,——> 7e as noted above. Simultaneously,
4e — 2b,, the in-plane Cl(¢/1) — Tc(d,,) transition akin to
that described for [TcNCl,]” emerges in the same region, with
E_,.=29200 cm™' which means it is estimated to lie above
3b, —> 7e. It seems that an adjustment of 2000 to 3000 cm ™!
to the calculated energies is all that is required if these three
excitations are responsible for the absorptions discerned near
28 000 and 31 000 cm™!. Other excitations which might have
been implicated are la,——> 7e and 5¢e —— 2b, (both very
poorly CT-compatible in their make-up), and 7a, —— 7e which
is probably too energetic.

Spin—orbit coupled calculations. At a referee’s suggestion,
we have investigated the inclusion of spin—orbit coupling on
pertinent transitions of the TcYX, chromophore. The most
relevant results concern the potential resolution of the three
characteristic e — 2b, excitations into doublets.

In C,, d' TcY’, one-electron promotion from any e-level to
singly-occupied d,, (b,) corresponds to the *B,— ’E transi-
tion, allowed in x,y polarisation. In double-group notation,
2B,—— ’E becomes I';u —> I'ys, I Both excitations are
allowed, and correspond naturally enough to the transitions
between component orbitals described below.

With spin—orbit coupling included, the singly-occupied 2b,
orbital becomes 1le,, while the degenerate e-orbitals divide
into an e,;, and ey, pair. The outcome is summarised in Table 7.
One distinct effect is that the calculated transition energies
move even lower, because of the relative stabilisation of 11ey,.
Thus, the centre of each I';,—— I';., ['¢x doublet shifts 1200
cm™!, on average, for [TcNCl,]” and [TcNBr,] ", and 1000 cm ™!
for TcOCl,. Ligand-derived spin—orbit splitting is more marked
for the bromide, as expected. For example, the calculated separ-
ation of the leading doublet (6e — 2b,) varies from 300 cm ™!
in [TeNCl,]” (and 500 cm™! in TcOCl,) to 1500 cm™! in
[TcNBr,]". These seem to be encouraging preliminary results
for an entirely first-principles calculation, where no predeter-
mined atomic spin—orbit splitting parameters are employed.*
However, according to Table 7, the size and even the sign of the
splitting appears very dependent on the particular donor
orbital, so that the splitting of 5¢ — 2b, is only 300 cm ™! for
the same bromo complex. It is not immediately obvious why
these splittings are so variable, given that the donor level is
almost equally rich in total halide character (=95%) in all cases.
For TcOCl,, where the Se level is largely quarantined to be
~90% out-of-plane in character, the calculated splitting of
S5e ——> 2b, dwindles to zero.

Table 7 Effect of spin—orbit coupling on calculated e —> 2b, transi-
tion energies (cm?) for d' TcYX, systems. The difference between listed
values is given in parentheses

Transition [TeNCl,]™ [TecNBr,]~ TcOCl,

6e —> 2b, 17 300 13 400 15 600
10ey,—> 1les, 15800 11 300 13900
13e;,— lley, 16100 (+300) 12800 (41 500) 14 400 (+500)
Se —> 2b, 20 100 15770 18 700
8eyn—> lley, 19 100 14 400 18 000
12¢,— lley, 18900 (—200) 14700 (+300) 18 000 (0)

4e —> 2b, 29 500 26 200 29 200
Teyy—> lley, 28000 25500 28 100
10e,,—> 1ley, 28300 (+300) 24 700 (—800) 28 400 (+300)

Conclusion

The redox chemistry and UV/VIS spectra of d' [TcNX,]” and
d? [TcOX,]” (X=CI or Br) have been studied under strictly
anhydrous conditions. In situ spectroelectrochemical techniques
were employed to generate complementary d? [TcNX,]*~ and d'
TcOCl,. This provides a basis for examining the differential
axial ligating properties of O*~ and N*" in isovalent situations.
Bulk oxidation of [TcOBr,]” leads to irreversible decom-
position. The axial M-Y interactions have been analysed by
density functional computations on the eight possible Tc" and
TcY! species of {MYX,} where X =Cl or Br; Y =N or O, only
one of which, TcOBr,, is experimentally unattainable. The
observed trends in electrochemical redox potentials and optical
XMCT spectra are matched by the computation. For example,
the reversible TcY"V couple decreases from +1.84 V for TcOCl,
to +0.21 V for [TcNCl,]". The composition of the e-type
halide-based donor orbitals is particularly sensitive to the
nature of the axial ligation. This accounts for the differing
complexity in the XMCT manifolds of d* [TcNX,]™ and TcOCl,
when both are dissolved in non-co-ordinating media; it also
explains the simplification of the spectra of the nitrido species
dissolved in aqueous acid where pseudo-octahedral trans-
[TeNCl1,(H,0)] and trans-[TcNBr,(H,0)] ™ are formed.

Experimental
Starting materials and general procedures

CAUTION! The isotope *Tc is a low-energy B-emitter (Eq,, =
0.29 MeV) with a half life of 2.1 x 10° years. All experimental
procedures were carried out in a dedicated fume-hood or using
sealed glass systems in laboratories approved for low-level
radioactive materials. The special techniques followed have
been described elsewhere.’® Potassium pertechnetate was
obtained from Amersham International plc. Literature
methods provided [NBu,][TcO,], [NBu,][TcNCl,], [NBu,-
[TcNBr,], [NBu,][TcOCl,] and [NBu,][TcOBr,].>*

Physical measurements

Cyclic voltammetric- and phase-sensitive alternating current
(a.c.) measurements were made with a PAR 170 electro-
chemistry system. Electrochemical methods, solvents and
electrolytes using a specialised electrochemical cell with Pt-
electrodes have been described previously.>'* Immediately after
each experiment *Tc-compounds were completely decon-
taminated from the electrochemical cell. After draining all of
the radioactive solution from the cell through the Rotaflo-
stopcock the cell was rinsed repeatedly with small quantities
of acetone until no further activity could be detected in the
washings. Following the dismantling of the side-arms from the
cell, its interior was soaked with Decon 90 (Decon Laboratories
Ltd., England) for 24 h and rinsed thoroughly with distilled
water. Finally, the Pt-electrodes were cleaned and reconditioned
by treating them with half-concentrated HNO;.
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The electronic absorption spectra (45 000-10 000 cm™') of
solutions were recorded with a Perkin-Elmer A-9 spectrometer.
The spectroelectrochemical techniques using a cryostatted
optically transparent thin layer electrode (OTTLE) cell have
been described elsewhere.> Dichloromethane (Aldrich, ana-
lytical grade), used for physical measurements, was refluxed
over P,O; for 1 h, before being distilled to a round-bottomed
flask containing activated 3 A molecular sieves. The solvent was
degassed by the freeze-thaw method on a vacuum line and
subsequently protected from light. Reflectance spectra (5000—
35000 cm ') were recorded with a Cary 5 spectrometer fitted
with a Harrick Praying Mantis sampling attachment. Powdered
samples of [NBu,][TcX,] were examined both neat and diluted
1:1 with KX, and a Kubelka—Munk correctional function was
applied to the measured intensities.

Computational details

Calculations employed the Amsterdam Density Functional
(ADF) package developed by Baerends and co-workers*” and
employed the numerical integration scheme of te Velde and
Baerends.*® A triple-{ STO basis sets was employed for Tc and
double-{ STO basis sets extended with a polarisation function
were used for Cl and Br.** An auxiliary set of s, p, d, f and g
STO basis functions centred on all nuclei was used in order to
fit the molecular density and describe accurately the coulomb
and exchange potentials in each SCF cycle.** Core electrons
(up to and including 3d for Tc and Br and 2p for Cl) were
treated using the frozen core approximation. The local density
approximation* (LDA) was employed using the parameteris-
ation of Vosko, Wilk and Nusair.** Geometry optimisation was
performed using the method developed by Versluis and
Ziegler* and incorporated the quasi-relativistic correction of
Baerends and co-workers.* Frequency analyses for the
optimised structures yielded all positive values, indicating that
the computed geometries correspond to true energy minima.
The energies of all LDA-optimised species were recalculated
to include the non-local gradient corrections of Becke*
and Perdew.** Spin-polarised, unrestricted calculations were
performed on all open-shell species. Transition energies were
calculated by the ASCF method and are reported incorporating
the (post-SCF) gradient corrections of Becke* and Perdew.*t
Selected transition energies were recalculated and employing
double points groups (see text).
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