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In octahedral complexes, molybdenum(0) has the same 4d6

valence electron configuration as ruthenium(II), which is
beneficial for establishing energetically low-lying metal-to-
ligand charge transfer (MLCT) excited states. Those MLCT states
often show luminescence, and they can furthermore undergo
photoinduced electron and energy transfer reactions that are of
interest in the context of solar energy conversion, sensing, or
photocatalysis. Molybdenum is roughly 100 times more abun-
dant than ruthenium, and it seems desirable to increase our
fundamental understanding of the photophysical properties of
complexes made from non-precious metals. We report here on
the luminescence behavior of two new homoleptic
molybdenum(0) isocyanide complexes, one with three biden-

tate, the other with two tridentate chelate ligands. The key
novelty is the incorporation of thiophene units into the ligand
backbones, causing strongly red-shifted photoluminescence
with respect to comparable molybdenum(0) isocyanides with
phenylene units in the ligand backbones. Combined exper-
imental and computational studies provide detailed insight into
the photophysical properties of this compound class. This work
is relevant for the development of new luminescent com-
pounds with possible applications in lighting and sensing, and
it complements current research efforts on photoactive com-
plexes with other abundant transition metal and main group
elements.

Introduction

The low-spin d6 valence electron configuration of second- and
third-row transition metals can give rise to metal-to-ligand
charge transfer (MLCT) excited states, from which luminescence
and different types of photo-reactivities can occur. This
behavior is typical for many RuII, OsII, ReI and IrIII complexes,[1]

but examples of d6 MLCT luminophores and photocatalysts
with abundant transition metals have remained scarce.[2] First-
row transition metals such as iron or manganese are partic-
ularly attractive,[3] but whereas relatively long-lived MLCT
excited states in FeII complexes have been successfully
installed,[4] this compound class has remained non-emissive
until very recently,[5] and their photocatalytic applications seem
to rely mostly on (dark) metal-centered excited states.[6]

Isoelectronic MnI shows MLCT luminescence when embedded
into hexakis(arylisocyanide) coordination environments, but
until now, the luminescence quantum yields are yet very low.[7]

The same is true for isoelectronic Cr0 isocyanide complexes.[8]

By contrast, Mo0 isocyanide complexes can show bright MLCT
emission with luminescence quantum yields surpassing that of
the prototypical [Ru(bpy)3]

2+ compound (bpy=2,2’-
bipyridine).[9] Initial ligand designs were based on a m-
terphenyl backbone to obtain bidentate chelators,[10] but
recently we started focusing on ligands that contain thiophene
instead of phenylene spacers in the backbone.[11] This change
entails energetically much lower lying MLCT states and
substantially red-shifted luminescence.[11] Since a decreased
energy gap between the emissive MLCT and the electronic
ground state is usually accompanied by a decrease of the
luminescence quantum yield (due to enhanced nonradiative
excited-state relaxation),[12] it seemed desirable to get more
insight into the photophysical properties and electronic
structures of Mo0-based deep-red emitters. Toward this end, we
explored the two new complexes in Figure 1 in a joint
synthetic-spectroscopic-theoretical approach. The [Mo(Lbi)3]
complex resembles [Ru(bpy)3]

2+ in that it is made from three
bidentate ligands, whereas the [Mo(Ltri)2] compound is reminis-
cent of [Ru(tpy)2]

2+ (tpy=2,2’:6’,2’’-terpyridine), in which two
tridentate ligands coordinate to the metal.[13] However, the
photophysical properties of both of these Mo0 compounds are
more similar to [Os(bpy)3]

2+ and [Os(tpy)2]
2+ in terms of

emission color, MLCT excited-state lifetime, and photolumines-
cence quantum yield.

Obtaining strong MLCT emission from earth-abundant d6

metal complexes is more difficult than in the case of d10

luminophores, owing to metal-centered (MC) excited states
that are energetically close to the lowest MLCT state, and which
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can deactivate the MLCT state.[5a,b, 14] In the closed d10 subshell,
this undesirable relaxation pathway is not available, and
consequently the performance factors of d6 MLCT lumino-
phores based on earth-abundant metals currently still lag much
behind those achievable for copper(I) compounds.[15] Analo-
gously, ligand-to-metal charge transfer (LMCT) luminophores
based on metals with the d0 valence electron configuration lack
MC states that could negatively affect the emission
performance.[16] Furthermore, the MLCT states of d6 metal
luminophores are more strongly distorted than the MC states
of d3 spin-flip emitters such as CrIII polypyridines,[17] in which
direct nonradiative relaxation to the electronic ground state is
inherently less efficient.[3] This combination of MLCT deactiva-
tion channels involving close-by MC states as well as direct
relaxation to the electronic ground state (caused by substantial
MLCT distortion) poses fundamental challenges for d6 metal
chromophores that we aimed to address in this research. The
development of efficient deep-red and near-infrared emitters is
generally non-trivial, regardless of whether d6 MLCT lumino-
phores or other compound classes are considered.[18]

Results and Discussion

Synthesis, Infrared Spectroscopy and Electrochemistry

The [Mo(Lbi)3] and [Mo(Ltri)2] complexes, Figure 1, were synthe-
sized and characterized as described in the Supporting
Information (SI). The ligand Lbi was available from a recent
investigation of MnI complexes, whilst Ltri is very similar to the
tridentate chelate ligand used in the same previous MnI study,
but differs by a tert-butyl (instead of a methyl) substituent at

the periphery of the central arylisocyanide unit.[7a] Very recently,
spectroscopic as well as theoretical studies on the tert-butyl vs.
methyl substituent pattern in structurally closely related
bidentate Mo0 complexes bridged by phenyl spacers showed
that excited-state lifetime can be enhanced considerably by
sterically demanding substituents (i. e., tert-butyl).[19] This way, a
full equilibration of the deactivating metal-centered (3MC)
states is hampered, see Table S1 in the SI for details. A single
isomer with the Ltri ligand binding in meridional fashion is
obtained for the bis(tridentate) complex, whilst for the
tris(bidentate) compound a pair of (Δ and Λ) enantiomers is
expectable, but no attempts to separate them were made. The
tert-butyl substituents at the ligand periphery have no specific
function, they are merely present because they are already part
of the commercially available 1-bromo-3,5-di-tert-butylbenzene
starting material.[7a]

The isocyanide C�N stretching vibrational mode in both
free ligands is observed at 2111 cm� 1, while its frequency is
reduced to 1993 cm� 1 in [Mo(Lbi)3] and 1917 cm� 1 in [Mo(Ltri)2]
upon coordination to Mo0. This observation is in line with
previous studies of Mo0 isocyanides,[9–10,11, 20] as well as with the
quantum chemical results obtained in the present joint
synthetic-spectroscopic-theoretical study (see Table S2). The
decrease in the C�N vibrational frequency by 118–194 cm� 1 is
a manifestation of substantial π-backbonding (149-169 cm� 1

predicted by DFT), as often observable for isocyanide com-
plexes with electron-rich metals,[21] see molecular frontier
orbitals in Table S3.

Electrochemical oxidation of Mo0 to MoI in deaerated THF is
reversible in both complexes (Figure 2) and occurs at -0.05 V vs
SCE in [Mo(Lbi)3] and at 0.0 V vs SCE in [Mo(Ltri)2]. These low
oxidation potentials are very similar to those reported

Figure 1. Molecular structures of the two complexes investigated in this work. The bidendate ligand (Lbi) is the same as that used for a recent study of an
analogous MnI complex.[7a] The tridentate ligand (Ltri) is very similar to that used in the same MnI study, but differs in the substituent at the central
arylisocyanide unit (tert-butyl instead of methyl).
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previously for other hexakis(arylisocyanide) complexes of Mo0

including both monodentate and chelating ligand
variants.[9–10,11, 22] The analogous d6/d5 oxidation process in
[Ru(bpy)3]

2+ (in that case corresponding to the RuIII/RuII couple)
occurs at 1.2 V more positive potential,[23] further highlighting
the very high electron density at Mo0. Reductive sweeps in
cyclic voltammetry reveal a series of irreversible waves below
� 2.2 V vs SCE that cannot be unambiguously assigned (Fig-
ure S1), but it seems plausible that those waves are associated
with ligand-centered reduction processes based on recent
studies of MnI complexes with similar ligands.[7a]

UV/Vis, Luminescence and Transient Absorption
Spectroscopy

MLCT bands dominate the absorption properties of [Mo(Lbi)3]
and [Mo(Ltri)2] in the visible spectral range (black traces in
Figure 3), particularly between 500 and ca. 700 nm. Both
compounds furthermore exhibit a prominent band in the blue
spectral range (393 nm for [Mo(Lbi)3]; 448 nm for [Mo(Ltri)2]),
which is mainly attributable to higher-lying MLCT and intra-
ligand charge transfer (ILCT) excitations according to our
quantum chemical simulations performed at the time-depend-
ent density functional level of theory (TDDFT). At wavelengths
shorter than 350 nm, the UV-Vis spectra of both complexes are
dominated by ligand-centered electronic transitions. More
detailed band assignments based on computational results
follow below.

Following excitation into the MLCT absorption bands at
620 nm, both complexes emit in deaerated THF (red traces in
Figure 3) and toluene (Figure S2) at 20 °C. The solvatochromic
blue-shift by ca. 400 cm� 1 of the emission band maximum (λem)
in both complexes when going from THF to the more apolar
toluene (Table 1) is in line with the presumed charge-transfer
character of the emission. In full agreement, DFT calculations
allow to assign the nature of the lowest triplet state
unambiguously to be of 3MLCT character in both complexes,
see spin density for T1 in Figure 4. Excitation spectra detected
at the respective emission band maxima (blue dotted traces in
Figure 3) resemble the MLCT absorption bands of both
complexes, and thereby confirm that the photoluminescence is
indeed originating from the Mo0 compounds rather than from
any emissive impurities. At wavelengths shorter than 500 nm,
the excitation spectra deviate from the absorption spectra,
possibly due to less efficient population of the emissive excited
state upon irradiating into the electronic transitions absorbing
in this spectral range. Luminescence quantum yield (ϕ)
measurements were performed using [Ru(bpy)3](PF6)2 in aer-
ated acetonitrile as reference[24] following a recently reported

Figure 2. Cyclic voltammograms of the two complexes recorded in dry THF
containing 0.25M nBu4PF6 at potential scan rates of 0.3 V/s. Potentials of
� 0.05 and 0.0 V vs SCE are extracted from these data for the MoI/0 redox
couple in [Mo(Lbi)3] and [Mo(L

tri)2], respectively.

Figure 3. UV/Vis absorption (black), photoluminescence (red), and excitation spectra (blue) recorded in deaerated THF at 20 °C. Excitation occurred at 620 nm
(for luminescence spectroscopy), detection at 740 nm (for excitation spectroscopy).
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methodology.[7a] Compared to the current record-holder Mo0

isocyanide complex based on a chelating ligand with a m-
terphenyl backbone ([Mo(LtBu)3) that featured a luminescence
quantum yield of 20.3% in deaerated toluene at 20 °C,[9] the ϕ-
values of 0.7% obtained for [Mo(Lbi)3] and [Mo(Ltri)2] are low
(Table 1). At first glance it seems plausible that this is mostly
due to the substantially smaller energy gap between the
emissive MLCT state in the new complexes compared to the
previously investigated [Mo(LtBu)3] compound,

[12] which has its
emission band maximum at 583 nm in toluene, compared to
728/722 nm for the new complexes considered here. However,
as discussed further below, an additional excited-state decay
channel involving a metal-centered excited state seemed more
important in [Mo(Lbi)3] and [Mo(Ltri)2], contributing to the
enhanced nonradiative relaxation in those complexes, in
addition to the effect described by the energy gap law.[12]

In order to elucidate the electronic transitions underlying
the absorption bands of [Mo(Lbi)3] and [Mo(Ltri)3] at the Franck-
Condon point, detailed quantum chemical simulations were
performed at the TDDFT level of theory. The simulated UV-Vis
spectra are presented alongside the experimental data in
Figure 4a/b. A detailed list of the calculated excited state
properties discussed can be found in Tables S4 to S7. Based on
the computational results, the band at around 550 nm of
[Mo(Lbi)3] (Figure 4a) can be assigned to mainly three dipole-
allowed singlet excitations of MLCT character, namely into S2,
S5 and S6 predicted at 567, 544 and 535 nm, respectively. At
shorter excitation wavelengths and associated with the exper-
imental absorption feature centered at approximately 400 nm,
further four prominent MLCT transition, i. e. into S10, S13, S26 and
S27 at 441, 425, 371 and 370 nm, are observed, while an ILCT
state (S28 at 353 nm) is predicted in addition. In a similar
fashion, the visible absorption of [Mo(Ltri)3] in the range of 600
to 400 nm (Figure 4b) is mainly attributed to six MLCT
excitations, i. e. into S1, S2, S7, S14, S16 and S18 at 559, 559, 510,
448, 447 and 429 nm, see Tables S4 and S5 for details.

Following pulsed excitation at 620 ns, the transient UV-Vis
absorption spectra shown as solid black traces in Figure 4c/d
were recorded. For both compounds, a bleaching of the MLCT
ground state absorption bands is observable, and for [Mo(Ltri)2]
an excited-state absorption band around 400 nm is detectable.

To gain insight into the excited-state relaxation processes,
quantum chemical simulations, aiming to model the transient
UV-Vis spectra of [Mo(Lbi)3] and [Mo(Ltri)2] upon 620-nm
excitation were performed. Hereby, contributions of excited-
state absorption were considered by virtue of the spin- and
dipole-allowed triplet-triplet excitations within the fully equili-
brated lowest triplet state structure (T1,

3MLCT), and the
ground-state bleach was taken into account based on the
dipole-allowed singlet-singlet transitions within the ground-
state geometry. This computational approach was applied
previously and is in particular suitable to characterize long-lived
low-energy (triplet) states.[25] Several bright triplet-triplet ex-
citations in Figure 4c and 4d, contributing to the excited-state
absorption of [Mo(Lbi)3] and [Mo(Ltri)2], were investigated in
more detail by means of TDDFT. The TA spectrum of [Mo(Lbi)3]
features a broad excited-state absorption band spanning from
approximately 600 nm into the infrared region. This band can
be attributed to an 3ILCT within one of the bidentate ligands
(T13 at 705 nm, 1.76 eV), whereas in [Mo(Ltri)2] a mixed 3LLCT
with a slight 3LMCT admixture is predicted by the quantum
chemical simulations (T13 at 790 nm, 1.57 eV) in the same
region. However, the band is not unambiguously detectable in
the respective experimental spectrum. This 3LMCT contribution
may be involved in the deactivation of the excited species due
to light-driven charge recombination in the vicinity of the
metal center. Furthermore, the shoulder at around 500 nm
observed for [Mo(Lbi)3] is dominated by the five excited states:
T26 and T30 (at 517 and 492 nm, 2.40 and 2.52 eV), which are
both of mixed 3LLCT and 3MLCT nature, two excitations of
mainly 3LLCT character (T37 and T48, at 463 and 433 nm, 2.68
and 2.86 eV) as well as into the T42

3LMCT state, which – again –
is potentially involved in the deactivation of the excited
species. Likewise, the respective shoulder observed in the TA
spectrum of the tridentate complex, which seems to be mostly
overshadowed by ground-state-bleach at approximately
500 nm, can be associated to the T40 (at 464 nm, 2.67 eV) of
3MLCT character. Noteworthy, such 3MLCT transitions may
contribute to a further charge separation within the excited
(triplet) state. Further details with respect to the simulated TA
spectra as well as regarding the underlying electronic tran-
sitions are summarized in Tables S6 and S7.

For both Mo0 complexes, the temporal evolution of all
transient absorption signals is identical regardless of the
detection wavelength and is furthermore identical to the
emission decay (Figure 5). For instance, for [Mo(Ltri)2], the decay
of the excited-state absorption band at 390 nm (red trace in
Figure 5b) is identical to the luminescence decay detected at
705 nm (green trace), and furthermore matches the ground-
state bleach recoveries at 455 and 555 nm (black and blue
traces) very well which is associated to S5, S6 and S9 according
to the performed simulations. Analogous observations are
made for [Mo(Lbi)3] in Figure 5a, indicating that there is a single
photoactive excited state in both complexes. In deaerated THF
at 20 °C all decay kinetics are single-exponential and 3MLCT
lifetimes of 18 and 19 ns are obtained (Table 1). In toluene
under otherwise identical conditions, slower and bi-exponential
excited-state decays are observable (Figure S3). Specifically, for

Table 1. Luminescence band maxima (λem), excited-state lifetimes (τ), and
luminescence quantum yields (ϕ) in deaerated solvents under argon at
20 °C. Simulated luminescence wavelengths, obtained by ground state
calculations at the density functional level of theory (ΔSCF) as well as at
the time-dependent density functional level of theory, are indicated in
parentheses, respectively.

[Mo(Lbi)3] [Mo(Ltri)2]
THF toluene THF Toluene

λem
[nm]

750 (807,
796)

728 740 (836,
820)

722

τ [ns][a] 18 30 (73%), 83
(27%)

19 28 (62%), 77
(38%)

ϕ [%] N/A 0.68 N/A 0.70

[a] Values in toluene from bi-exponential fits with weighting factors in
parentheses. Weighted average values are 44 ns for [Mo(Lbi)3] and 47 ns
for [Mo(Ltri)2].
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[Mo(Lbi)3] decay times of 30 and 83 ns with weighting factors of
73% and 27%, respectively, are obtained from a bi-exponential
fit, whilst for [Mo(Ltri)2] the decay times are 28 ns (62%) and 77
(38%), respectively (Table 1). The bi-exponential nature of the
excited-state decays in toluene is attributed to slowly inter-
converting conformers with somewhat different excited-state
relaxation behavior. Depending on solvent, such bi-exponential
decays were previously also observed for other Cr0,[8a,b] MnI,[7a]

and Mo0 complexes[9] with comparable isocyanide chelate

ligands. In particular, flipping of a bridging thiophene with
respect to its two neighboring arylisocyanide units is presumed
to lead to different conformers,[7a] and depending on the exact
substituent patterns, the solvent and temperature, the inter-
conversion between individual conformers can be faster or
slower. In the present contribution, we estimate the driving
force for such a flip of the thiophene moieties within the long-
lived 3MLCT equilibrium (T1) to approximately 0.02 and to
0.01 eV in [Mo(Lbi)3] and [Mo(Ltri)2], respectively. In consequence,

Figure 4. Comparison of experimental vs calculated UV/Vis and transient absorption data. Experimental UV/Vis absorption (black traces) of [Mo(Lbi)3] (a) and
[Mo(Ltri)2] (b) in THF along with calculated spectra (red traces). Experimental transient difference spectra (black traces) of [Mo(L

bi)3] (c) and [Mo(L
tri)2] (d) in

deaerated THF at 20 °C along with calculated difference spectra (red traces). Excitation for the transient UV/Vis measurements occurred at 620 nm with laser
pulses of ca. 10 ns duration, spectra were time-integrated over a period of 200 ns following a time delay of 20 ns after excitation. Electronic transitions (red
vertical bars), represent underlying dipole-allowed singlet–singlet and dipole-allowed triplet–triplet excitations, broadened by Lorentzian functions with a full
width at half maximum of 0.25 eV. Spin densities are given for the respective lowest triplet states (T1) as well as Charge Density Differences (CDDs) images for
selected excitations. Excitations in the latter occur from red to blue.
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rapid equilibration of both photoexcited isomers is in principle
expected (Boltzmann factors for Mo(Lbi)3] and [Mo(Ltri)2] at 20 °C:
2.21 and 1.49, respectively). Though not physically completely
correct, we will use weighted average lifetimes (τavg) to keep
the forthcoming discussion simple. The fact that τavg is
substantially longer for both complexes in toluene than the
lifetimes in THF (44/47 ns vs 18/19 ns for [Mo(Lbi)3]/[Mo(L

tri)2]) is
likely due to the increased 3MLCT energy with decreased
solvent polarity and consequent less efficient nonradiative
relaxation from the 3MLCT directly to the electronic ground
state.

Excited-State Relaxation Pathways

In RuII polypyridines, thermally activated nonradiative relaxation
from the emissive 3MLCT state via an energetically nearby 3MC
state typically plays an important role (Figure 6b).[26,28] That 3MC
state is strongly distorted relative to the 3MLCT and the
electronic ground state (1GS), leading to a relatively small
activation barrier for internal conversion from the 3MLCT to the
3MC state, and from there onward relaxation to 1GS.[5b,14,29] It
seems plausible that the same relaxation pathway is also
amenable in our isoelectronic Mo0 complexes, and therefore
we performed temperature-dependent luminescence lifetime
studies (Figure 6a) to explore this aspect. Since the decay times

Figure 5. Temporal evolution of the photoluminescence intensity and the transient absorption difference signal at various detection wavelengths following
pulsed excitation of (a) [Mo(Lbi)3] and (b) [Mo(L

tri)2] in deaerated THF at 20 °C. Excitation occurred at 620 nm with pulses of ca. 10 ns duration and energies of
ca. 4 mJ. Luminescence decays (green traces) were detected at 705 nm, transient absorption bleach recoveries were monitored at 555 nm (blue traces) and at
400/455 nm (black traces), and the excited state absorption decay of [Mo(Ltri)2] was followed at 390 nm (red trace).

Figure 6. (a) Temperature-dependence of the (weighted average) luminescence lifetimes (τavg) of [Mo(Lbi)3] (open circles) and [Mo(Ltri)2] (gray filled squares) in
deaerated toluene. The solid lines are fits with Equation (1) to the experimental data, yielding the parameters in Table 2.[26] (b) Deactivation of the 3MLCT
excited state (red) via direct radiative (kr,1) and nonradiative (knr,1) relaxation to the electronic ground state (

1GS) and via thermal population of a metal-
centered (3MC, blue) excited state and subsequent nonradiative relaxation (knr,2). ΔE reflects an activation energy for internal conversion from the 3MLCT to
the 3MC state, rather than a true energy difference between states. Equation (1) emerges from the three-level model in Figure 6b.[26] (c) Simulated excited-
state relaxation pathways via radiative and nonradiative 3MLCT decays as well as by nonradiative 3MC decay as shown exemplarily for [Mo(Lbi)3]. All energies
are shown within the fully optimized equilibrium structures of the involved singlet (S0) and triplet states (

3MLCT and 3MC). Electronic character of the 3MC
state of interest is indicated by a charge density difference (CDD); excitations occur from red to blue. Cartesian coordinates of simulated intermediates are
provided in Ref. [27].
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in toluene are longer, and since that solvent permits measure-
ments over a greater temperature range than THF, toluene was
the preferred choice despite the abovementioned conformer
issue. τavg values as a function of temperature can be modelled
using Equation (1), which describes the overall 3MLCT decay as
a function of radiative relaxation (kr,1), direct nonradiative
relaxation to the ground state (knr,1), and indirect nonradiative
relaxation via thermal population of the 3MC state (knr,2).

[26] ΔE
is the activation energy required to populate the 3MC from the
3MLCT state, and kB is Boltzmann’s constant.

tavgðTÞ ¼ ½kr,1 þ knr,1 þ knr,2 � expð-DE=kB � TÞ�
� 1 (1)

The solid lines in Figure 6a are the outcomes of three-
parameter fits to the experimental data (open circles for
[Mo(Lbi)3], gray squares for [Mo(Ltri)2]), whereby the sum kr,1+

knr,1 was treated as a single fit parameter in addition to knr,2 and
ΔE. This simplistic approach yields the parameters listed in
Table 2. Though the obtained parameter values are undoubt-
edly associated with considerable uncertainty, it seems clear
that 3MLCT relaxation directly to the ground state occurs with
total rate constants on the order of 106 to 107 s� 1 (second
column in Table 2), whereas relaxation from the 3MC state is
considerably faster (third column). The 3MC state seems to be
0.11 – 0.16 eV above the 3MLCT excited state in both [Mo(Lbi)3]
and [Mo(Ltri)2] (fourth column). According to this analysis, the
activation energy for 3MLCT–3MC internal conversion (ΔE) is
roughly a factor of two to three smaller in these new Mo0

complexes than in the previously explored [Mo(LtBu)3] com-
pound and in [Ru(bpy)3]

2+.[9,26, 30] Along with lowered 3MLCT
energy and the ensuing effect of the energy gap law, this can
account for the much lower luminescence quantum yields of
[Mo(Lbi)3] and [Mo(Ltri)2] (0.7%, Table 1), compared to 20.3% for
[Mo(LtBu)3] under identical conditions in deaerated toluene at
20 °C. In order to address the competitive excited-state
relaxation pathways, accessible upon 390-nm excitation at the
molecular level, we fully optimized the involved triplet excited
states, i. e., the lowest 3MLCT as well as the lowest 3MC of
[Mo(Lbi)3], [Mo(L

tri)2] and [Mo(LtBu)3], respectively, by means of
TDDFT and our recently introduced external optimizer that is
also aware of excited states – pysisyphus.[31] These simulations
reveal that of the six prominent 3MC states, the lowest
unrelaxed 3MC state is predicted for all three Mo0 complexes at

an excitation energy exceeding 5 eV (below 250 nm) at the
Franck-Condon point, and is thus not directly accessible.
Therefore, these 3MC states are determined to be significantly
higher in energy (approximately +1.5 eV) than in isoelectronic
RuII polypyridyl complexes as predicted at a similar computa-
tional level of theory.[29,32] In case of the present Mo0 complexes
with a d6 configuration, this low-lying 3MC state features one
singly occupied t2g orbital, i. e. dπ(421) and dπ(409) in [Mo(Lbi)3]
and [Mo(Ltri)2], respectively, as well as one singly occupied eg
orbital, i. e. the respective dz2 orbital; see Table S3. Upon
population transfer via ultrafast intersystem crossing from the
1MLCT state and internal conversion, the lowest 3MLCT state
(T1) is populated, while only a slight stabilization of 0.22 and
0.19 eV is predicted in the case of the 3MLCT from the singlet
ground state structure for [Mo(Lbi)3] and [Mo(Ltri)2], respectively.
This finding is not surprising, as only minor structural
alternations are observed for these MLCT states. In a similar
fashion, the 3MLCT state of [Mo(LtBu)3] undergoes only minor
stabilization of 0.16 eV upon equilibration from the Franck-
Condon point. However, the 3MC undergo substantial structural
rearrangement, i. e., yielding the cleavage of one Mo� C bond
along the z-axis due to the population of the dz2 orbital
(involved in the σ*-backbonding), see Table S1 and Figures S3-
S5. In consequence, the lowest 3MC state of interest is stabilized
from ~5 eV within the singlet ground state structure to 2.91
and 2.93 eV for [Mo(Lbi)3] and [Mo(Ltri)2], respectively, in the
relaxed 3MC states. In case of [Mo(LtBu)3], the respective 3MC
state is predicted at slightly lower energy (2.76 eV) in its fully
relaxed equilibrium. Therefore, the computational modelling is
qualitatively in agreement with the spectroscopic results, which
indicate a thermally accessible 3MC state – leading upon
population to efficient radiationless deactivation as shown
exemplarily for [Mo(Lbi)3] in Figure 6c (see Figure S7 for [Mo-
(Ltri)2]). However, the calculated activation energy of approx-
imately 1.1 eV for 3MC population from the lowest 3MLCT state
is substantially higher than the experimentally determined
value of merely 0.12 eV. It seems plausible that this deviation is
due to dominant explicit solvent effects in the 3MC equilibria.
The respective molecular structures have one cleaved Mo� C
bond, and the vacant coordination site at the metal center is
presumably at least partially occupied by THF, thereby
stabilizing the energy of the relevant 3MC states further in their
relaxed structures. Addressing explicit solvent effects for photo-
excited intermediates is beyond the scope of the present study.
Based on the simulated relaxation schemes, [Mo(Lbi)3] and
[Mo(Ltri)2] would be estimated to feature enhanced excited-
state lifetimes with respect to [Mo(LtBu)3] as evident from the
relative energies of the deactivating 3MC states – which is in
contrast to the experimental observation. Likely, this contra-
diction can be understood in terms of the thiophene-flip
discussed above, which could be an efficient dissipative sink,
because each flip consumes approximately 0.01 – 0.02 eV for
[Mo(Lbi)3] and [Mo(L

tri)2], respectively. In [Mo(L
tBu)3], an analogous

phenyl-flip is not possible due to the more rigid ligand frame
(Table S1 and Figures S4-S6).

The key structural difference between the previously
reported [Mo(LtBu)3] complex and the new Mo0 isocyanides is

Table 2. Relaxation of the emissive 3MLCT state directly to the ground
state (1GS) and via thermal population of a 3MC state. The different
radiative (kr,1) and nonradiative rate constants (knr,1 and knr,2) are as defined
in Figure 6b and were obtained from fits with Equation (1) to the
temperature-dependent luminescence lifetime data in Figure 6a. ΔE is the
activation energy for 3MLCT – 3MC internal conversion (Figure 6b).[26] λem is
the emission band maximum.

compound kr,1+knr,1 [s
� 1] knr,2 [s

� 1] ΔE [eV] λem [nm]

[Mo(Lbi)3] 3.8·106 1.7·109 0.11 728
[Mo(Ltri)2] 12·106 6.3·109 0.16 722
[Mo(LtBu)3]

[a] 0.38·106 360·109 0.36 583
[Ru(bpy)3]

2+ [b] 1.3·106 10000·109 0.44 622

[a] From Refs. [9, 30]. [b] from Ref. [26].
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the presence of thiophene (instead of phenylene) bridging
units in the ligand backbone. This change in ligand design
therefore does not only induce a lowered 3MLCT energy relative
to the electronic ground state, but at the same time also lowers
the barrier for internal conversion from the 3MLCT to the 3MC
state, at least based on the experimental (temperature-depend-
ent) emission results. Based on the emission band maxima in
Table 1 and a λem-value of 583 nm for [Mo(LtBu)3],

[9] the 3MLCT
energy decreases by approximately 0.37 eV between [Mo(LtBu)3]
and the new Mo0 complexes from Figure 1, whilst the activation
energy for internal conversion from the 3MLCT to the 3MC state
(ΔE) simultaneously decreases by roughly 0.25 eV. In principle,
one could have expected that an energetic stabilization of the
emissive 3MLCT state will entail an increased activation energy
for internal conversion to the 3MC state, but evidently this is
not the case. Instead, it seems that the ligands Lbi and Ltri

impose a much weaker ligand field than LtBu leading to a
situation in which the distortion of the 3MC state is substantially
changed in such a way that 3MLCT – 3MC internal conversion is
facilitated as suggested by the computational results. This
finding is consistent with that of a recent study, in which we
investigated another Mo0 complex with isocyanide chelate
ligands incorporating thiophene bridging units.[11] Additionally,
the thiophene flip is likely an efficient energy sink lowering the
3MLCT excited-state lifetime of the two Mo0 complexes from
Figure 1.

Conclusions

With their thiophene bridging units between arylisocyanide
ligating units, Lbi and Ltri yield deep-red emitting homoleptic
Mo0 complexes whose photophysical properties resemble those
of [Os(bpy)3]

2+ and [Os(tpy)2]
2+, whilst previously explored

isocyanide chelate ligands with phenylene bridging units gave
homoleptic Mo0 complexes with luminescence behavior remi-
niscent of [Ru(bpy)3]

2+.[9,10] Unfortunately, the energetic stabili-
zation of the emissive 3MLCT excited state causing the red-
shifted photoluminescence does not only lead to the expect-
able increase in nonradiative relaxation following the energy
gap law, but instead there is also enhanced indirect 3MLCT
relaxation via a nearby 3MC state that is known to play a key
role in RuII and FeII photophysics.[14b,33] This leads to modest
luminescence quantum yields (below 1%) for Mo0 complexes
with isocyanide chelate ligands incorporating thiophene bridg-
ing units. Furthermore it seems plausible that excited-state
energy dissipation takes place by the flip of the central
thiophene moieties in the ligand architecture of [Mo(Lbi)3] and
[Mo(Ltri)2], facilitating efficient nonradiative relaxation. There-
fore, it could be interesting to explore ligand variants in which
the bridging units between individual arylisocyanides are
oxidized to thiophene sulfone,[34] because in that case the
flipping motion would likely be impeded.

Alternative ligand designs for deep-red and near-infrared
emitting complexes made from earth-abundant d6 metals could
aim to exploit delocalization effects to enhance the photo-
luminescence quantum yields.[3,8b] Studies of RuII and OsII

polypyridines demonstrated that increased delocalization of
the MLCT-excited electron leads to weaker excited-state
distortion, and thereby nonradiative relaxation is decelerated.[35]

It seems plausible that such effects could also be exploitable
for Mo0 and related d6 metal isocyanide compounds.
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