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SpinHamiltonian parameters for the neutral trigonal-prismatic Tc(abt)3
and Re(abt)3 chelates (abt = o-aminobenzenethiol) are calculated
using relativistic density functional theory at the all-electron level. The
small magnitude of the calculated g shifts and metal hyperfine
interactions is in excellent agreement with previous experimental
predictions based upon a ligand-centered ground-state magnetic
orbital. The theoretical 14N ligand hyperfine and quadrupole couplings
also reproduce the nuclear frequencies measured by electron spin-
echo envelope modulation spectroscopy. The nuclear quadrupole
interaction of 187Re is predicted to be 2 orders ofmagnitude larger than
that of 99Tc, in agreement with empirical simulation of the continuous-
wave electron paramagnetic resonance spectrum. The spectrum of
Tc(abt)3 at high solute concentrations contains a central resonance
not predicted for the isolated complex by theoretical calculations. The
absence of this resonance at low solute concentrations provides
evidence of intermolecular interactions in these systems.

Alkyl-substituted dithiolenes are strong π-electron donors
and can stabilize metals in high oxidation states. Recent
concentration has been on complexes of nickel, molybdenum,
and tungsten in view of their relationship to important enzymes
and possible applications in materials science.1 A recent
advance in the theoretical study of heavy-metal complexes
has been the ability to properly treat relativistic effects at the
all-electron level andatone consistent level ofdensity functional
theory (DFT).2 By inclusion of higher-order spin-orbit cou-
pling (SOC) effects, the empirical spin Hamiltonian (SH)
parameters obtained from experimental electron paramagnetic
resonance (EPR) spectroscopy of molybdenum dithiolene
systems can be accurately predicted from DFT.3 However, to

our knowledge, there are no theoretical studies of the magnetic
resonance parameters of complexes of the 4d1 and 5d1 metals
technetium and rhenium with dithiolenes and related ligands.
The trigonal-prismatic complexes of technetium and rhenium
with the ligands o-phenylenediamine (o-pda), o-aminobenze-
nethiol (abt), benzenedithiol (bdt), toluene-3,4-dithiol (tdt),
and cis-1,2-diphenylethene-1,2-dithiol (pdt) form a series in
which coordination to the metal varies from 6N to 3N3S to 6S
and inwhich the organic ring system in the second coordination
sphere varies in complexity. Their EPR spectra are charac-
terized by g anisotropies and metal hyperfine interactions4-10

much smaller than those found for tetragonal technetium and
rhenium complexes11 and have been interpreted as arising from
delocalization of the unpaired electron over the entire ligand π
system.5,6,8 Here we report relativistic DFT calculations of the
SH parameters for themetal and coordinating 14N ligands that
predict the key features of the EPR spectra of Tc(abt)3 and
Re(abt)3.We then compare these predictionswith the SHpara-
meters obtained through empirical simulation of the experi-
mental continuous-wave (CW)- and pulsed-EPR spectra.
The starting coordinates for the calculations were taken

directly from the published crystallographic structures of
Tc(abt)3

12 and Re(abt)3,
9 with the molecular Z axis defined

to lie along the approximate C3 symmetry axis (Figures 1a
and 2a). Using the ORCA program,13 the spin-unrestricted
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Kohn-Sham equations were solved self-consistently for a
S = 1/2 ground state of the neutral complexes, using either a
pure (BP86) or hybrid (B3LYP) functional. A large, fully
decontracted well-tempered basis set14 and high numerical
integration accuracy were employed to ensure flexibility in the
core region for accurate predictions of the nuclear hyperfine
(A) and quadrupole (Q) couplings. Scalar relativistic effects
were treated at the all-electron level using the zeroth-order
regular approximation.15 The g and (187Re/ 99Tc) A matrices
were computed using a coupled-perturbed self-consistent-field
formalism and a SOC operator derived from an accurate

mean-field method. Full details are given in the Supporting
Information.
The theoretical computations confirm early experimental

evidence that the unpaired electron resides in a 2a2
0 ligand-

centered molecular orbital (Figures 1a and 2a and S3 in the
Supporting Information).5,6,8,16 Commensurate with this, the g
shifts from the free electron value are also small and the best
theoretical values generally deviate in magnitude from experi-
ment by<0.002 (Table 1). The 99Tc and 187Re nuclear hyper-
fine couplings are likewise very small because of the low spin
density at themetal ion (Table 1). Excellent agreement between
theory and experiment was obtained for the A(187Re) matrix
using the hybrid B3LYP functional. The inclusion of SOC
terms had a significant impact on the magnitude of Azz(

187Re)
(Table S2 in the Supporting Information). As predicted from
earlier EPR studies,8 the small hyperfine interaction is res-
ponsible for the appearance of the “shoulder” features in the
randomly oriented CW-EPR spectra of these compounds
(Figures 1b and 2b). Consistent with the approximate C3

symmetry, bothA andQwere nearly axial for both complexes,
with their principal z axes directed within less than 0.5� of the
molecularZ axis. The orientations of the principal g axes were
less well-defined, a consequence of the small g anisotropy and
nonideal symmetry of the crystal structure (Tables S1 and S2 in
the Supporting Information).
The calculations further predicted a significantQ interaction

for 187Re relative to the comparatively small A (Table 1). The
electric field gradient at the 187Re nucleus was only a factor of
∼2 greater than 99Tc, with the larger 185,187Re quadrupole
coupling constant [Q(187Re)=2.070 barn vsQ(99Tc)=-0.129
barn]17 and the smaller nuclear spin (ReI=5/2 vs TcI=9/2)
accounting for a factor of >50 difference in Q for these two
nuclei (eq 4 in the Supporting Information). Guided by theo-
retical predictions, empirical simulations of the EPR spectra of
Re(abt)3 using XSophe

21 program indicated that the compara-
tively large Q accounts for the unusual “satellite” lines due to
formally forbidden ΔMI > 0 transitions that flank the nar-
rower shoulder features (Table 1 and Figure 1). Nuclear
quadrupole terms of similar magnitude have recently been
obtained from empirical simulation of the neutral Re(bdt)3
complex.18 Electron-spin transient nutation experiments (not
shown) provided no evidence to support an assignment ofS=1
(dimeric) or S=3/2 (trimeric) spin-coupled species previously
proposed to account for the satellite lines.8A comparison of the
simulated SHparameters for Re(abt)3 in a frozen solution with

Figure 1. (a) Structure of the Re(abt)3 complex and contour plot of the
singly occupied molecular orbital calculated at the B3LYP level of theory
(surfaces drawn at (0.025 au). (b) Experimental (;) and simu-
lated (--) X-band CW-EPR spectra of 1 mM Re(abt)3 in DMF at 130
K, 9.524 GHz, and 2 mW. Shoulder features are indicated by asterisks.
Empirical simulation parameters are compared with theory in Table 1.

Table 1. SH Parameters of Re(abt)3 and Tc(abt)3 Calculated from Theory and Their Comparison with Empirical Simulation of Experimental Dataa

method gxx gyy gzz Ægæb Axx Ayy Azz ÆAæc Qxx Qyy Qzz

Tc(abt)3 expt d 2.0080 2.0080 2.0073 2.0078 -8.7 -8.7 12.2 -1.7 <0.6
BP86 2.0100 2.0085 2.0075 2.0086 -8.8 -9.2 1.2 -5.6 -0.17 -0.24 0.41
B3LYP 2.0129 2.0110 2.0098 2.0112 -7.9 -8.8 21.7 1.6 -0.19 -0.27 0.46

Re(abt)3 expt d,e 2.0080 2.0080 2.0020 2.0060 -34.0 -34.0 4.0 -21.3 26.0 26.0 -52.0
BP86 2.0069 2.0059 2.0022 2.0050 -25.3 -26.8 -6.8 -19.6 20.9 25.6 -46.5
B3LYP 2.0133 2.0112 2.0068 2.0104 -30.9 -33.2 8.6 -18.5 23.8 28.7 -52.5

aHyperfine and quadrupole couplings are given for 99Tc and 187Re in units of 10-4 cm-1. Euler angles and additional A andQ parameters of ligand
14N nuclei appear in Table S1 (Supporting Information). b Ægæ= (gxxþ gyyþ gzz)/3.

c ÆAæ= (AxxþAyyþAzz)/3.
dUncertainties in principal g,A, andQ

values for 187Re are(0.002,(2� 10-4 cm-1, and(1� 10-4 cm-1, respectively. Uncertainties in principal g andA values for 99Tc are(0.0015 and(0.5�
10-4 cm-1, respectively. eCorresponds to natural abundance: gn(

187Re) /gn(
185Re) = 1.010; Q(187Re) /Q(185Re) = 0.950.

Figure 2. (a) Structure of the Tc(abt)3 complex and contour plot of the
singly occupied molecular orbital calculated at the B3LYP level (surfaces
drawn at(0.025 au). (b) Experimental (;) and simulated (--) X-band
CW-EPR spectra of 0.5 mM Tc(abt)3 in 9:1 DMF/CHCl3 at 120 K and
9.139 GHz (the experimental spectrum was reproduced from ref 8). An
asterisk denotes an experimental artifact. Empirical simulation para-
meters are compared with theory in Table 1.
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the theoretical parameters shows good quantitative agreement
with the hybrid B3LYP data, while the experimental g values
are best predicted using the pure BP86 functional.
The presence of 14N ligand nuclei also enabled the magnetic

orbital of Re(abt)3 to be probed using electron spin-echo
envelope modulation (ESEEM) spectroscopy. Although the
unpaired electron is strongly delocalized, the relaxation times
were short (T1∼ 5 μs at 3K) and temperatures at or below 4K
were required to generate a detectable spin echo. The experi-
mental stimulated ESEEM exhibited a broad spectrum with a
maximum near 3.0 MHz (Figure 3). Depending on the choice
of the functional, the theoreticalA(14N) andQ(14N) parameters
indicated a highly anisotropic hyperfine interaction (T∼ 7-10
MHz) and aiso in the range 3-7 MHz (Tables S3-S6 in the
Supporting Information). Simulationsof theESEEMspectrum
using Easyspin19 indicated that the B3LYP ligand parameters
offer a satisfactory reproduction of the resolved experimental
features, allowing for the difficulty in detecting low-frequency
echo modulation because of the weak modulation depth
(Figure 3, inset) and neglect of solvent polarity effects.
The EPR spectrum of a dilute frozen solution of Tc(abt)3 in

9:1 dimethylformamide (DMF)/CHCl3 showed prominent
shoulder features but no evidence of satellite lines with an
intensity greater than 0.2% of the shoulder features or of a
central resonance (Figure 2). Empirical simulation of the
X-band CW-EPR spectra of dilute (<5mM) frozen solutions
indicated that the quadrupole interaction has no detectable
influence on the spectrum provided that Qzz<0.6 �

10-4 cm-1. This is in excellent agreement with the DFT
calculations, in which Qzz < 0.5 � 10-4 cm-1, 2 orders of
magnitude smaller than that for Re(abt)3 (Table 1). The
theoretical Axx and Ayy values differ from the experiment
by <1 � 10-4 cm-1; the deviation of the Azz component is
larger, although the experimental value lies between those
calculated using BP86 and B3LYP functionals (Table 1).
More concentrated frozen solutions of Tc(abt)3 show evi-

dence for solute aggregation, as described by Baldas et al.8

Most strikingly, the complex exhibits a central resonance that
increases in intensity at greater solute concentrations;8 how-
ever, no accompanying satellite lines have ever been observed.
The excellent prediction of the experimental SH parameters of
both Tc(abt)3 andRe(abt)3 using the in vacuo crystallographic
structures, together with the experimental invariance of the
shoulder and satellite resonances in a wide range of solvent
compositions,8 indicates that the metal A and Q interactions
are unlikely to be modulated by the solvent polarity. Because
the quadrupole interaction is presently shown both theoreti-
cally and experimentally to be <0.6 � 10-4 cm-1, a concen-
tration-dependent central resonance in Tc(abt)3 spectra can
only be explained by weak intermolecular exchange interac-
tions that become enhanced at higher solute concentrations.
The width of the central resonance in Re(abt)3 is also broa-
dened at solute concentrations>5mM, suggesting that aggre-
gation and weak intermolecular exchange also occurs in this
complex.8 Some dithiolene complexes of molydenum and
tungsten, with delocalized spin density and close face-to-face
contacts between monomeric units in the solid state, exhibit
antiferromagnetic interactions.20 Because close face-to-face
contacts (<3.5 Å) are alsopresent in the crystallographic struc-
tures of trigonal-prismatic technetium and rhenium com-
plexes,9,12 it is possible that similar behavior occurs forTc(abt)3
and Re(abt)3 because of the formation of locally high solute
concentrations upon freezing. The present study has demon-
strated quantitative predictions of the magnetic resonance
parameters of the dilute complexes using relativistic DFT.
Further investigationof intermolecular interactionswill require
modeling of an extended molecular structure.

Supporting Information Available: Listings of experimental
methods, computational details, theoretical ligand 14N hyper-
fine and quadrupole parameters, Euler angles, SOC contribu-
tions tometal hyperfine parameters, and spin-density plots. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 3. Comparison of experimental three-pulse ESEEM of Re(abt)3
and simulations using the 14N ligand hyperfine and quadrupole para-
meters computed from DFT (Tables S3-S6 in the Supporting Infor-
mation). The strongly coupled (aiso > 2νN)

14N ligand nuclei generate
observable features between 0 and 10 MHz. Inset: experimental time
domain signal. Experimental and simulated parameters: 9.71 GHz, 3 K,
τ=200ns,B0=3445G (absorptionmaximum), tπ/2=16ns,Δt=16ns,
T1 = 5 μs.
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