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’ INTRODUCTION

Transition metal complexes with metal�oxygen multiple
bonds have been well studied since the benchmark work of
Winkler andGray on the photophysical properties of trans-[ReO2-
(L)4]

þ (L = pyridine, 4-picoline) in crystalline and solution
forms.1 Similarly, the emission properties of related d2 dioxo-
osmium(VI)2�6 and oxomolybdenum(IV)7�11 chromophores
and electronic structures of d2 congeners12 have also been
explored. Recently, the work of Reber et al.13�15 has re-empha-
sized the importance of trans-[ReO2(L)4]

þ complexes as funda-
mental models for understanding excited state electronic structure
and dynamics in general, with special emphasis on the effect of
orbital mixing of the in-plane ligands with the linear ReO2

þ core,
the vibronic coupling between coordinates on the lowest potential
emitting surface, and the electronic coupling between the lowest
emitting state and higher electronic excited states.6,13�17

It is significant to note that unlike the richness in knowledge of
dioxorhenium chromophores, there exists a significant dearth in
the understanding of the electronic properties of complexes with
technetium�oxygen multiple bonds. More specifically, although
there have been reports of luminescence of Tc(IV)�halide
complexes at low temperatures in a crystalline host matrix,18�21

or that of a [Tc(dmpe)3]2
þ complex in the solid state, aqueous

solution,22 or enclosed within a polymer polyelectrolyte,23,24

extensive studies on the luminescence spectroscopy of techne-
tium dioxo complexes are lacking. Thus, despite well-established
studies of the reactivity and spectroscopy of Tc complexes in
several oxidation states,25 not much is known about the electro-
nic spectroscopy of Tc(V) complexes. In a conscious effort to
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ABSTRACT: The structures of novel Tc(V) complexes
trans-[TcO2(py)4]Cl 32H2O (1a), trans-[TcO2(pic)4]Cl 3 2H2O
(2a), and trans-[TcO2(pic)4]BPh4 (2b) were determined by
X-ray crystallography, and their spectroscopic characteristics
were investigated by emission spectroscopy and atomic scale
calculations. The cations adopt a tetragonally distorted octahe-
dral geometry, with a trans orientation of the apical oxo groups.
trans-[TcO2(pic)4]BPh4 has an inversion center located on
technetium; however, for trans-[TcO2(py)4]Cl 3 2H2O and trans-[TcO2(pic)4]Cl 3 2H2O, a strong H bond formed by only one of
the oxo substituents introduces an asymmetry in the structure, resulting in inequivalent trans Tc�N and TcdO distances. Upon
415 nm excitation at room temperature, the complexes exhibited broad, structureless luminescences with emission maxima at
approximately 710 nm (1a) and 750 nm (2a, 2b). Like the Re(V) analogs, the Tc(V) complexes luminesce from a 3Eg excited state.
Upon cooling the samples from 278 to 8 K, distinct vibronic features appear in the spectra of the complexes along with increases in
emission intensities. The low temperature emission spectra display the characteristic progressions of the symmetric OdTcdO and
the Tc�L stretching modes. Lowest-energy, triplet excited-state distortions calculated using a time-dependent theoretical approach
are in good agreement with the experimental spectra. The discovery of luminescence from the trans-dioxotechnetium(V) complexes
provides the first opportunity to directly compare fundamental luminescence properties of second- and third-row d2 metal-oxo
congeners.
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bridge this knowledge gap, our group recently reported the first
luminescence from a dioxotetrapyridyl Tc(V) complex, with the
emission consistent with an excited state having significant metal
orbital contribution.26 While this discovery can pave the way to
designing a series of similar dioxo Tc(V) chromophores with
long-lived excited states, an in-depth understanding of the
systems requires a thorough analysis of the electronic and
molecular structures in order to correlate the structural and
steric properties with the electronic spectroscopies. However,
due to the limited number of reported structures containing
technetium�oxygen multiple bonds and the unavailability of
spectroscopic data of these crystals, no correlation between
electronic and molecular structures of these complexes has been
attempted thus far.

In this work, we undertake a thorough and comprehensive
study of the electronic structure of two dioxotetrapyridyl Tc(V)
complexes through luminescence spectroscopy, which is further
substantiated with time-dependent density functional theory
(TDDFT/DFT) computational studies. Additionally, in order
to gain insight into the molecular structure of the complexes, and
in an effort to correlate the molecular structure with the electro-
nic spectra, we are also looking at X-ray intensity data on single
crystals of the complexes. Our discovery of room-temperature
luminescence from trans-dioxotechnetium(V) polypyridyl com-
plexes, and their comparisons with surrogate Re(V) analogs,
provides the first opportunity to directly compare fundamental
luminescence properties of second- and third-row d2 metal-oxo
congeners. The room- and low-temperature luminescence stud-
ies of trans-[TcO2(L)4]

þ (L = pyridine or 4-picoline) reported
here, and their correlation with crystal structure analyses, open a
new chapter in Tc chemistry, both in a fundamental and in a
practical sense.

’EXPERIMENTAL SECTION

Radiation safety disclaimer!Technetium-99 has a half-life of 2.12� 105

years and emits a low-energy (0.292 MeV) β particle; common laboratory
materials provide adequate shielding. Normal radiation safety procedures
must be used at all times to prevent contamination.
General Considerations. All commercially available chemicals

were obtained from Aldrich. KTcO4 was obtained from the Radio-
chemical Processing Laboratory at Pacific Northwest National Labora-
tory, from which the complex [n-Bu4N][TcOCl4] was prepared
according to the literature,27 and recrystallized before subsequent use.

UV�visible absorption spectra were recorded using a HP8453
UV�visible spectrophotometer. Emission spectra were recorded using
an instrument equipped with a double-emission monochromator and a
single-excitation monochromator. Emission spectra were corrected for
instrumental response except where noted. The instrumentation and
experimental procedures for luminescence spectroscopic measurements
at LHeT were described previously.28,29 Samples in 2 mm � 4 mm
quartz cuvettes were mounted on the sample holder of a CRYO
Industries RC152 cryostat with liquid helium vaporizing beneath the
sample. The sample was excited with a Spectra-Physics Nd:YAG laser-
pumpedMOPO-730 laser at 415 nm, and the emitted light was collected
at 85� to the excitation beam, dispersed through an Acton SpectroPro
300i double-monochromator spectrograph, and detected with a thermo-
electrically cooled Princeton Instruments PIMAX intensified CCD
camera. The luminescence decay curves were measured with a Hama-
matsu R928 photomultiplier tube (PMT) and recorded with a Tektro-
nicsTDS754A digital oscilloscope. Microcrystalline solid samples for
emission were contained in a silica cell. For lifetime measurements at
room temperature, samples were excited using 410�440 nm light from a

Continuum Panther optical-parametric oscillator pumped with the third
harmonic of a continuum Surelit II Nd:YAG laser. Emission transients
were detected using a modified PMT connected to a Tektronix
TDS580D oscilloscope and modeled using in-house software on a
Microsoft Excel platform. Under these conditions, the emission decay
of [Ru(bpy)3]Cl2 in a 4:1 EtOH/MeOH at 77 K glassy solution was a
single exponential corresponding to a lifetime of 5.1 μs, as expected from
the literature.30 Raman spectroscopy measurements were carried out
using a Renishaw inVia imaging microscope system. Spectra were
obtained using 670 nm laser irradiation on samples in silica cells.
DFT Calculations. Gas-phase, electronic ground-state calculations

and geometry optimizations were carried out in Gaussian 0331 using the
B3LYP approximation.32,33 Time-dependent density functional theory
(TDDFT) methods were then used to calculate the 30 lowest-energy
singlet and 10 lowest-energy triplet excited states for each
compound,34,35 employing the same B3LYP functional.26 Calculations
utilized the 6-31G* basis set for the ligands and the LANL2DZ
relativistic effective core potential (RECP)36 for the transition metal
centers.37 Symmetry constraints were not imposed on the molecules
during geometry optimization. The program AOMix (revision 6.46)38

was used to analyze molecular orbital occupancy, based on Mulliken
population analysis.39

Starting models for the compounds of interest were derived from the
structural information for [TcO2(TBP)4]CF3SO3 3H2O(TBP = 4-tert-
butylpyridine).40 Models here represent only the cationic centers for the
respective complexes; the counterions were not included. Since the
structural parameters for complexes 1a, 2a, and 2b do not significantly
vary in terms of bond distances observed in the [TcO2(TBP)4]

þ

structure, that structure served as a convenient starting point for the
models developed here. Optimized bond lengths for Tc�O and Tc�N
are comparable to experimental crystal data for complexes 1a, 2a, and 2b
(e.g., dTc�O(calc)/dTc�O(exp.ave.)

41 = 0.993 for [TcO2(py)4]
þ, 0.997 for

[TcO2(pic)4]
þ; dTc�N(calc)/dTc�N(exp.ave.)

42 = 0.977 for [TcO2(py)4]
þ,

0.978 for [TcO2(pic)4]
þ; see Supporting Information in ref 26 for

optimized structural data).
Synthesis. Hydrated forms of yellow microcrystalline samples of

trans-[TcO2(py)4]Cl 3 2H2O (1a) and trans-[TcO2(pic)4]Cl 3 2H2O
(2a) were obtained by methods similar to literature procedures,40 by
stirring [n-Bu4N][TcOCl4] with the respective pyridine or substituted
pyridine ligand at room temperature. The tetraphenylborate salts,
trans-[TcO2(pic)4]BPh4 (1b) and trans-[TcO2(pic)4]BPh4 (2b), were
obtained by metathesis of the respective chloride salts with NaBPh4 in
methanol. The respective chloride and tetraphenylborate salts of
trans-[ReO2(py)4]

þ and trans-[ReO2(pic)4]
þ were prepared by litera-

ture methods1,43 in a procedure similar to the synthesis of the Tc
analogs.
X-Ray Crystallography. X-ray intensity data for 1a and 2b were

collected on a Bruker APEX CCD diffractometer (Mo KR radiation, λ =
0.71073 Å) equipped with a Cryocool NeverIce low-temperature device.
Intensity data for 2a were collected on a Bruker SMART6000 CCD
diffractometer (Cu KR radiation, λ = 1.54178 Å) equipped with an
Oxford Cryostream low-temperature device. The data frames were
collected using SMART; processed using SAINT; and corrected for
decay, Lorentz, and polarization effects as well as absorption and beam
corrections based on the multiscan technique in SADABS.44 The
structures were solved by direct methods and refined by full-matrix
least-squares on F2 using SHELXTL.44 The structures were solved in
their respective space groups through an analysis of systematic absences.
All non-hydrogen atoms were refined anisotropically. Details of the data
collection and refinement are summarized in Table 1. Further details are
provided in the Supporting Information. Attempts to grow single
crystals of 1b have yielded amorphous material so far; therefore all
measurements for trans-[TcO2(pic)4]

þ were done using the Cl� salts.
[TcO2(py)4]

þ (1) and [TcO2(pic)4]
þ (2) are shown in Scheme 1.
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’SYNTHESIS AND STRUCTURE

The technetium(V) dioxotetraimine complexes were synthe-
sized from the mono-oxo [TcOCl4]

� precursor, where a combi-
nation of (n-Bu4N)[TcOCl4] with the appropriate imine under
aerial conditions resulted in complete substitution of the chlor-
ides with four imine ligands, along with the formation of a new
Tc(V)�oxo double bond. The synthetic scheme is shown in
Scheme 2. The isolated products were crystallized, and the
structures of the complexes were determined by X-ray crystal-
lography (Figure 1). Key bond distances and angles are summa-
rized in Table 2.

All cations show a tetragonally distorted octahedral geometry,
with a trans orientation of the apical oxo groups. The Tc metal
center is surrounded by four pyridyl nitrogens in a square planar
geometry. The observed Tc�O distances vary from 1.7414(16)

to 1.7619(19) Å, comparable to the Re analogs but shorter than
observed for trans-K3[TcO2(CN)4] (1.7721(12) Å).45 This
shortening is consistent with the electron density of the respective
Tc(V) metal centers. The bond distances and angles associated
with the ligands are reminiscent of those reported for trans-[TcO2-
(TBP)4]CF3SO3 3H2O (TBP = 4-tert-butylpyridine)40 and the
dioxo-Re analogs.40,46�57 The plane of the pyridyl rings is rotated
away from the OdTcdO axis with average rotations of 17.53�,
15.45�, and 12.88� for 1a, 2a, and 2b, respectively. Furthermore,
two pyridyl rings are rotated in the clockwise direction while the re-
maining two are rotated counter-clockwise. Specifically, if one
focuses on a trans-pyridyl ring pair, one notices that they are
rotated in opposite directions in 2a, whereas the same pair of
rings are rotated in the same direction in 1a and 2b, as well as for
trans-[TcO2(TBP)4]CF3SO3 3H2O.40

It should be noted that the range of Re(V) and Tc(V) structures
with the general formula trans-[MO2(imine)4]

þ can be classified as
having either two identical MdO bond distances40,46�51,57 or two

Table 1. Crystal Data and Structure Refinement Data for [TcO2(py)4]Cl 3 2H2O (1a), [TcO2(pic)4]Cl 3 2H2O (2a), and
[TcO2(pic)4]BPh4 (2b)

[TcO2(py)4]Cl 3 2H2O (1a) [TcO2(pic)4]Cl 3 2H2O (2a) [TcO2(pic)4]BPh4 (2b)

empirical formula C20H24ClN4O4Tc C24H32ClN4O4Tc C48H48BN4O2Tc

fw 517.88 573.99 821.71

temp (K) 90(2) 90(2) 89(2)

wavelength (Å) 0.71073 1.54178 0.71073

cryst syst monoclinic hexagonal monoclinic

space group Cc P61 C2/c

a (Å) 13.4168(4) 10.2396(1) 8.5028(6)

b (Å) 11.9421(4) 10.2396(1) 19.7612(15)

c (Å) 15.3310(5) 42.6378(8) 24.1525(18)

R (deg) 90 90 90

β (deg) 115.484(1) 90 90.584(1)

γ (deg) 90 120 90

volume (Å3) 2217.41(12) 3871.61(9) 4058.0(5)

Z 4 6 4

density (calcd; Mg/m3) 1.551 1.477 1.345

abs coeff (mm�1) 0.803 5.785 0.399

F(000) 1056 1776 1712

cryst size (mm3) 0.28 � 0.21 � 0.11 0.10 � 0.07 � 0.04 0.30 � 0.15 � 0.05

cryst color and habit orange block orange plate yellow plate

reflns collected 14048 31951 30087

independent reflns/R(int) 5060/0.0205 4677/0.0471 3680/0.0340

max./min transm 0.9169/0.8064 0.8016/0.5954 0.9803/0.8896

data/restraints/params 5060/2/272 4677/1/321 3680/0/257

GOF on F2 1.041 1.017 1.081

final R indices [I > 2σ(I)] 0.0218/0.0543 0.0247/0.0595 0.0297/0.0687

R indices (all data) (R1/wR2) 0.0228/0.0550 0.0261/0.0602 0.0349/0.0709

Scheme 1. [TcO2(py)4]
þ (1) and [TcO2(pic)4]

þ (2) Scheme 2. Synthetic Schemea

aConditions: (i) Bu4NCl, HCl; (ii) (a) pyridine; (b) 4-picoline.
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dissimilar MdO distances.52�56 In most reported cases with
dissimilar MdO distances, a solvate molecule is involved in a
strong intermolecular interaction with one of the oxo substituents.
This is caused by a TcdO 3 3 3 (solvent) H-bonding interaction
and is evidently responsible for the disparity in the distances.
The complex trans-(phenyl-tris(pyrazolyl)borate-N,N0)-dioxo-bis-
(pyridine-N)-rhenium55 is the only notable exception reported to
date, which shows unequal MdO distances even in the absence of
a solvent molecule, presumably as a consequence of the steric bulk
of the dangling phenyl substituent forcing a nonlinear arrangement
with the neighboring oxo substituent. The complex trans-[TcO2-
(pic)4]BPh4 (2b) crystallizes in a desolvated form while both
chloro salts, trans-[TcO2(pic)4]Cl 3 2H2O (2a) and trans-[TcO2-
(py)4]Cl 3 2H2O (1a), crystallize as dihydrates. Consistent with the
above trend, a strong TcdO 3 3 3H�O�H 3 3 3Cl

� interaction
(Figure 2) is formed between one of the oxo substituents O(2)

and a proton from a solvate water molecule, which introduces an
asymmetry in the 1a and 2a structures, resulting in inequivalent
trans Tc�N and TcdO distances (Table 2). For 1a: O(3) 3 3 3O-
(2) = 2.759(2) Å, H(3A) 3 3 3O(2) = 1.91 Å, —O(3)�H-
(3A) 3 3 3O(2) = 174�, O(4) 3 3 3Cl(1) = 3.218(2) Å,
H(4A) 3 3 3Cl(1) = 2.38 Å, —O(4)�H(4A) 3 3 3Cl(1) = 170�.
For 2a: O(3) 3 3 3O(2) = 2.782(3) Å, H(3A) 3 3 3O(2)= 1.87 Å,
—O(3)�H(3A) 3 3 3O(2) = 176�, O(4) 3 3 3Cl(1) = 3.131(9) Å,
H(4A) 3 3 3Cl(1) = 2.18 Å, —O(4)�H(4A) 3 3 3Cl(1) = 180� and
O(4) 3 3 3Cl(1) = 3.22(3) Å, H(4C) 3 3 3Cl(1) = 2.31 Å, —O-
(4)�H(4C) 3 3 3Cl(1) = 166�. A weaker, more bent interaction
exists between the solvent water and a neighboring oxo substituent
O(1) in the case of 1a (O3 3 3 3O(1) = 2.971(2) Å, H(3B) 3 3 3O
(1) = 2.40 Å, —O(3)�H(3B) 3 3 3O(1) = 124�); however, no
such interaction exists for 2a. In addition, the same solvate water
molecule O(3) is involved in hydrogen-bonding with the second
water molecule (1a: O(4) 3 3 3O(3) = 2.735(2) Å, H(4B) 3 3 3O(3)

Table 2. Bond Lengths [Å] and Angles [deg] for [TcO2(py)4]Cl 3 2H2O (1a), [TcO2(pic)4]Cl 3 2H2O (2a), and [TcO2(pic)4]BPh4
(2b)

[TcO2(py)4]Cl 3 2H2O (1a) [TcO2(pic)4]Cl 3 2H2O (2a) [TcO2(pic)4]BPh4 (2b)
a

Tc(1)�O(1) 1.7414(16) 1.747(2)

Tc(1)�O(2) 1.7506(16) 1.762(2) 1.7483(14)

Tc(1)�N(1) 2.142(2) 2.155(2) 2.1487(16)

Tc(1)�N(2) 2.161(2) 2.162(2) 2.1461(17)

Tc(1)�N(3) 2.156(2) 2.157(2)

Tc(1)�N(4) 2.153(2) 2.164(2)

O(1)�Tc(1)�O(2) 179.44(10) 178.59(9) 180.00(11)

O(1)�Tc(1)�N(1) 90.95(8) 89.93(9)

O(1)�Tc(1)�N(2) 89.87(8) 89.70(9)

O(1)�Tc(1)�N(3) 90.34(8) 90.54(9)

O(1)�Tc(1)�N(4) 90.31(8) 88.71(9)

O(2)�Tc(1)�N(1) 89.45(8) 91.37(9) 90.19(6)

O(2)�Tc(1)�N(2) 89.75(7) 89.86(9) 90.16(6)

O(2)�Tc(1)�N(3) 90.03(8) 89.94(9) 89.84(6)

O(2)�Tc(1)�N(4) 89.29(8) 90.01(9) 81.89(6)

N(1)�Tc(1)�N(2) 89.44(8) 86.37(9) 89.32(6)

N(1)�Tc(1)�N(3) 91.47(8) 92.01(9)

N(1)�Tc(1)�N(4) 178.72(10) 177.35(9) 180.00(7)

N(3)�Tc(1)�N(2) 179.07(9) 178.36(9) 180.00(9)

N(4)�Tc(1)�N(2) 90.31(8) 95.89(9) 90.68(6)

N(3)�Tc(1)�N(4) 88.78(8) 85.74(9)
aDue to the symmetry in 2b, the corresponding 1a and 2a atom names areO1dO2A, N4dN1A, andN3dN2A; refer to the Supporting Information for
the complete naming scheme of 2b.

Figure 2. Comparison of the TcdO 3 3 3 solvent 3 3 3Cl interactions for
[TcO2(py)4]Cl 3 2H2O (1a; left, a) and [TcO2(pic)4]Cl 3 2H2O (2a;
right, b). O�H 3 3 3Cl and O�H 3 3 3O are shown as green and red
dashed lines, respectively. H atoms (with the exception of solvent) are
omitted for clarity.

Figure 1. ORTEP diagrams for the cations of (a)
[TcO2(py)4]Cl 3 2H2O (1a) and (b) [TcO2(pic)4]Cl 3 2H2O (2a)
showing the atomic numbering scheme. H atoms and solvent omitted
for clarity.
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= 1.89 Å; —O(4)�H(4B) 3 3 3O(3) = 171�. 2a: O(4) 3 3 3O(3) =
2.902(8) Å, H(4B) 3 3 3O(3) = 1.96 Å; —O(4)�H(4B) 3 3 3O(3)
= 180� andO(4) 3 3 3O(3) = 2.67(3) Å, H(4D) 3 3 3O(3) = 1.76 Å;
—O(4)�H(4D) 3 3 3O(3) = 157�).
In the absence of hard, electron-deficient centers in the proxi-

mity of the oxo substituents, the TcdO distances in 2b are
identical. Furthermore, one of the picoline rings of the 2b cation
is involved in a π-stacking interaction with a phenyl group of the
BPh4

� counterion. It is to be noted that structures with identical
MdO distances are symmetric with a D2h point group, where the
trans M�N distances and trans angles are identical. On the other
hand, structures with dissimilar MdObond distances are observed
to have no intrinsic symmetry, resulting in a C1 point group.
Furthermore, for structures with identical MdO distances, the

metal center lies in the plane of the imine nitrogens, while those
with dissimilar metal�oxo distances have the metal displaced from
the imine nitrogen plane, resulting in a pyramidal geometry.

’SPECTROSCOPY AND CALCULATIONS

In order to explore the electronic structure of the trans-[TcO2-
(L)4]

þ complexes and their measured emission spectroscopy
further, Franck�Condon analysis of the spectroscopic data and
density functional theory calculations were performed.
Emission Spectroscopy and Franck�Condon Analysis.

The complexes 1a, 2a, and 2b crystallized as yellow or orange
-yellow blocks. Upon excitation (λexc = 415 nm) at room
temperature, the crystals exhibited broad, structureless lumines-
cence features with emission maxima at ∼710 nm (1) and
∼750 nm (2a, 2b), respectively. These emissions are significantly
red-shifted compared to their Re analogs.
Upon cooling the crystals from 278 to 8 K, distinct vibronic

features appear in the spectra of 1a, 2a, and 2b along with increase
in emission intensities. Figures 3, 4, and S5 (Supporting In-
formation) show temperature-dependent luminescence spectra
for 1a, 2a, and 2b. At least two vibronic progressions are observed
in the low-temperature spectra: one progression is clearly visible
at temperatures below 100 K, and a second lower-frequency
progression appears below 30 K (vide infra), superimposed on the
first. By analogy to similar Re(V) complexes, the low-temperature
emission spectra of 1a and 2a appear to display progressions
characteristic of the symmetric OdTcdO and the Tc�L stretch-
ing modes (Figures 3 and 4). The room temperature emission
spectra of Tc(V)�dioxo complexes and those for their Re(V)
surrogates are shown in Figure S8 (Supporting Information).
Thus, the observed OdTcdO vibronic progression
(∼850 cm�1) is consistent with the Raman active OdTcdO
symmetric stretches of 856 and 852 cm�1 for 1a and 2a,
respectively, and is ca. 50 cm�1 lower compared to the corre-
sponding Re complexes (see Table 3). It should be noted that the
low-temperature spectrum of 2b is significantly more resolved
than that of 2a. In fact, the low-temperature (6 K) spectrum for 2b
shown in Figure 5 is the most resolved spectrum of trans-
dioxotetraiminotechnetium(V) measured to date. Presumably,
this is consistent with the higher symmetry of the 2b complex as
compared to 1a and 2a. Furthermore, it clearly shows the lower
energy (∼180�200 cm�1) progression that is consistent with a
Tc�L mode found for the corresponding trans-dioxorhenium

Figure 3. Temperature dependent luminescence behavior of
[TcO2(py)4]Cl 3 2H2O (1a).

Figure 4. Temperature dependent luminescence behavior of
[TcO2(pic)4]Cl 3 2H2O (2a).

Table 3. Parameters Used to Calculate Luminescence
Spectraa

parameter TcO2(pic)4
þ ReO2(pic)4

þ TcO2(py)4
þ ReO2(py)4

þ

E00 [cm
�1] 13650 16180 14900 16400

ν(MdO) [cm�1] 852 900 854 905

ΔMdO [dim.less] 1.90 1.83 2.00 1.75

ν(M�L) [cm�1] 188 210 167 193

ΔM�L [dim.less] 1.01 1.01 1.9 1.24

ν3 [cm
�1] 98 n/a n/a n/a

Δ3 [dim.less] 0.82 n/a n/a n/a

Γ [cm�1] 23 45 45 50
aHarmonic potential energy surfaces with identical force constants in
the ground and emitting states were used. Parameters are defined in eq 1
and discussed in the text.
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analogues. The well-resolved vibronic structure of the lumines-
cence spectra is analyzed below.
Excited-state lifetimes were measured for the complexes at

room and low temperatures. For standardization, the lifetime of
trans-[ReO2(py)4]

þwas determined, and the experimental value
(near the liquid helium temperature) of 68 μs acquired here is
close to the lifetime reported.1 For all cases at 8 K, the excited-
state lifetimes were fit to a single exponential decay. At 8 K, the
lifetimes for 1a and 2bwere 78 and 15 μs, respectively, and are to
be compared with the 71 and 48 μs lifetimes measured for the
corresponding Re(V) complexes.
It was also observed that the temperature-dependent emission

spectra of 2a showed a dependence on the delay time after the
pulsed laser excitation. Thus, upon excitation at 415 nm, an
intense band around 690 nm was observed after a time delay of
more than 50 μs with a wide gatewidth (5 ms) at 6 K. The
intensity of the band gradually decreases as the temperature is
raised. The same band was absent within the first 50 μs after laser
excitation. These observations are consistent with the presence of
multiple excited states in the sample with different fluorescence
lifetimes. This feature was reproduced in multiple batches of
samples. While the exact origin of this band is uncertain at the
moment, it should be noted that it was not generated from the
[TcOCl4]

� starting material, as this species is nonemissive upon
415 nm excitation. The exact origin of this band is presently under
investigation.
The well-resolved vibronic structure in the luminescence

spectra shown in Figures 3 and 4 can be used to determine
quantitative structural changes in the emitting state. Calculated
luminescence spectra based on harmonic potential energy sur-
faces with identical vibrational frequencies for the ground and
emitting states are compared to the experimental spectra; para-
meters are adjusted until a satisfactory agreement is obtained.
Spectra were calculated using the time-dependent theoretical
approach.58�60 The luminescence intensity is given by

IðωÞ

¼ Cω3
Z¥

�¥

eiωt exp

 
∑
i
�
"
Δ2

i

2
ð1� e�iωi tÞ � iωit

2

#
�iE00t � Γ2t2

!
dt

ð1Þ
whereω denotes the wavenumber range, E00 is the energy of the
highest-energy transition used in the calculation, i is the number
of normal coordinates, Δi is the offset between ground- and
emitting-state potential energy minima along a normal coordi-
nate i in dimensionless units, and Γ is a Gaussian damping factor
that determines the width of each vibronic line. The calculated
luminescence spectra are in good agreement with the experi-
mental spectra, as shown in Figure 6. The parameter values
obtained for all calculated luminescence spectra are summarized
in Table 3. A baseline corresponding to an unresolved spectrum,
possibly arising from imperfect crystal sites, is added to some
calculated spectra in order to improve the agreement in the
regions of low intensity between vibronic peaks. This addition
does not influence the parameter values in Table 3.
The electronic origins of the luminescence spectra of trans-

dioxo complexes are often weak and have been identified in a few
cases from well-resolved absorption and luminescence spectra.1

The more intense peaks corresponding to the highest-energy
transitions in the calculated spectra most likely have vibronic
origins, involving one quantum of ungerade parity modes leading

to a more highly allowed transition. Complexes 1 and 2 have E00
values lower by 1500 cm�1 for 1 and 2530 cm�1 for 2 than their
rhenium analogs.
Offsets Δi along the normal coordinates with prominent

vibronic progressions have been determined for many Re(V)
complexes1,6�11,13,15�17 but not for Tc(V) complexes. The
calculated spectra in Figure 6 show that offsets Δi along the
Re�oxo normal coordinate are similar to the literature values of
1.95�2.18.1,6�11,13,15�17 The Tc complexes have offsets ΔMdO

higher by approximately 5% than their Re analogs, indicating a
slightly stronger π* character of the dxz,yz LUMO orbitals in the
Tc complexes. These results are in qualitative agreement with the
higherO(p) character obtained from theDFT calculations in this
study. This first comparison of ΔMdO values for corresponding
trans-dioxo complexes of second- and third-rowmetals illustrates

Figure 6. Comparison of experimental and calculated luminescence
spectra. All spectra are represented in the same wavenumber range.
Calculated spectra are shown as solid lines and experimental spectra as
dotted lines. The black dotted lines show the baseline added to the
calculated spectra. For the picolyl complexes, the experimental data for
BPh4

�were considered. For the pyridyl complexes, the data for Cl� salts
were compared with calculated spectra.

Figure 5. Luminescence spectrum of [TcO2(pic)4]BPh4 (2b) at 6 K.
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that the established overall trend of increasing ligand field
splittings leading to larger offsets Δi for heavier metal centers
is not universal.
The offsets along the metal-ancillary coordinates are similar

for the (pic) complexes 2 and the Re analogs. A larger value is
obtained for the Tc complex 1 than for its Re analog. The
spectrum of complex 2 has the most highly resolved vibronic
structure, leading to a vibronic line width Γ of 23 cm�1, which is
lower than for the other complexes by approximately a factor of 2.
This spectrum of trans-[TcO2(pic)4]

þ in the top, left-hand panel
of Figure 6 shows a regular sequence of peaks denoted by vertical
arrows with energy differences not corresponding to either the
Tc�oxo or Tc�pic modes. They can be reproduced by including
a third normal coordinate with nonzero offset in the calculations,
as given in Table 3. As an alternative, they could be due to a
replica of the vibronic structure built on a less efficient vibronic
origin at higher frequency than the most intense progressions.
Multiple vibronic origins have been identified in the lumines-
cence spectra of several trans-dioxo rhenium(V) complexes. The
values of ΔMdO and ΔM�L do not depend on the choice of
assignment for the transitions denoted by the vertical arrows.
Similar detailed features are not apparent in the less resolved
luminescence spectra of the other complexes.
Density Functional Theory/Time-Dependent Density

Functional Theory Calculations. On the basis of the analysis
of 30 singlet and 10 triplet excited-state calculations for each
complex, computational results indicate the dioxotechnetium
emission to be about 0.41 eV lower in energy than the dioxorhe-
nium counterparts for both the tetrapyridyl and tetrapicolyl
complexes.61 Excitation energies and oscillator strengths of the
lowest energy, triplet excited-state transitions are shown in Table
S1 (Supporting Information). While the magnitude of this value
is higher than the numeric value of 0.21 eV obtained
experimentally,26 it correctly predicts the red-shift of the emis-
sions from 1a, 2a, and 2b compared to the trans-[ReO2(L)4]

þ

analogs.26,37 Similar to the Re analog, the Tc complex luminesces
from an 3Eg excited state. For trans-[ReO2(py)4]

þ, the

calculations predict that the major contributing excitation is
from the pair MO 99 (HOMO) to the degenerate pair MO
102 (LUMOþ1) and MO 103 (LUMOþ10) (see Figure 7a).
MO 99 has 71% Re(d) (mostly dxy) and 29% py character, while
MOs 102 and 103 have 55% Re(d) and 39% O(p) character (see
Table S1, Supporting Information, for complete molecular
orbital characterization results). For trans-[ReO2(pic)4]

þ, a
similar transition is observed from the pair MO 115 (HOMO)
to the pairMO 118 (LUMOþ1) andMO119 (LUMOþ10) (see
Figure 7b).While themajor contributions to the orbital character
of the HOMO are similar to trans-[ReO2(py)4]

þ, electron
density is more evenly distributed between the Re(dxz) and
Re(dxy) LUMO orbitals than in the previous case (see Table S2,
Supporting Information).
A similar trend exists for the excited-state transition of

trans-[TcO2(L)4]
þ (where L = py or pic). For trans-[TcO2-

(py)4]
þ, the major contributions are excitations from the pair

MO 99 (HOMO) to MO 100 (LUMO) and MO 101 (LUMO0)
(see Figure 7c). Here, MO 99 has 73% Tc(dyz) and 27% O(p)
character, and MOs 100 and 101 have 56 Tc(d) and 41% O(p)
character, which is similar to electron density distributions for
trans-[ReO2(py)4]

þ (see Table S2, Supporting Information).
For trans-[TcO2(pic)4]

þ, major contributions are from the pair
MO 115 (HOMO) to MO 116 (LUMO) and MO 117
(LUMO0) (see Figure 7d). Here too, the characters for MO
115, 116, and 117 are similar to the trans-[ReO2(pic)4]

þ case,
where major HOMO contributions are 70% Tc(dyz) and 30%
pic, and major LUMO contributions are approximately 28% for
both Tc (or Re) dxz and dyz orbitals and 41% from the axial
oxygens O(p) (see Table S2, Supporting Information). The
cumulative observations are suggestive that the choice of the
metal center has a significant effect on determining the nature of
the transition (e.g., HOMOfLUMOþ1 for Re versusHOMOf
LUMO for Tc); on the other hand, the imine substituents have a
significantly weaker influence on the transitions.
For trans-[TcO2(py)4]

þ, a small but significant difference
from trans-[ReO2(py)4]

þ is the contribution of the excitation

Figure 7. Electron-density maps of selected MOs projected onto optimized structures of (a) trans-[ReO2(py)4]
þ, (b) trans-[ReO2(pic)4]

þ,
(c) trans-[TcO2(py)4]

þ, and (d) trans-[TcO2(pic)4]
þ. Central, light-blue spheres are Tc(V) and Re(V). Red spheres are O. Dark blue spheres are

N. Dark gray spheres are C, and light gray spheres are H.
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from MO 86 to MOs 100 and 101. Since MO 86 has an 85% py
and 15% Tc(dyz) character (see Figure S10a, Supporting In-
formation), this imparts both ligand-to-metal charge-transfer
(LMCT) and ligand-to-ligand charge-transfer (LLCT) character
to the transition. A similar contribution also exists for
trans-[TcO2(pic)4]

þ, from MO 104 to MOs 116 and 117 (see
Figure S10b, Supporting Information). Here, MO 104 is 82% pic
in character and 18% Tc(dyz). This contribution is not observed
for the lowest-energy excited transitions for trans-[ReO2-
(py)4]

þ.26 This calculated energetic order and character of the
HOMO and LUMO orbitals is observed for a variety of trans-
dioxo complexes with different functionals.62

’CONCLUSIONS

This work gives a detailed look at the solid-state molecular and
electronic structures of two novel Tc(V) complexes, trans-[TcO2-
(py)4]

þ and trans-[TcO2(pic)4]
þ. Both complexes show an

intense structureless emission band at room temperature upon
excitation by 415 nm laser light. At lower temperatures, the
structureless band resolves into vibronic structures consistent
with TcdO and imine stretching modes. On the basis of
comparison of the spectra of 2a and 2b at 6 K, the resolution of
the band depends upon the symmetry of the molecule, as
expected; the higher the symmetry, the greater the resolution.
The emission maxima for the complexes are red-shifted from the
Re(V) analogs, as predicted by TDDFT/DFT calculations. The
transitions are very similar to the Re(V) analogs in having a
significant MLCT character; however, the significant pyridine
character of the HOMOs for the Tc(V) complexes impart a small
but significant LLCT contribution to the transition.

This work presents the first comprehensive look at the
electronic structures of Tc(V) dioxo tetrapyridyl complexes.
The metal-centered luminescence properties of these complexes
arising from the radionuclide technetium-99 open up the possi-
bility of using these complexes as imaging agents for bioanalytical
applications.
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