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Abstract

Photoactive chromium(I11) complexes saw a conceptual breakthrough with the discovery of the
prototypical molecular ruby, mer-[Cr(ddpd)2]** (ddpd = N,N’-dimethyl-N,N’-dipyridin-2-
ylpyridine-2,6-diamine), that shows intense long-lived near-infrared (NIR) phosphorescence
from metal-centered spin-flip states. In contrast to the numerous studies on chromium(lll)
photophysics, only ten luminescent molybdenum(l1l) complexes have been reported so far.
Here, we present the synthesis and characterization of mer-MoXz(ddpd) (1: X = Cl, 2: X = Br)
and cisfac-[Mo(ddpd)2]** (cisfac-[3]3*), an isomeric heavy homolog of the prototypical
molecular ruby. For cisfac-[3]3*, we found strong zero-field splitting using magnetic
susceptibility measurements and electron paramagnetic resonance (EPR) spectroscopy.
Electronic spectra covering the spin-forbidden transitions show that the spin-flip states in mer-
1, mer-2 and cisfac-[3]** are much lower in energy than in comparable chromium(lil)
compounds. While all three complexes show weak spin-flip phosphorescence in the NIR-I11, the
emission of cisfac-[3]®* peaking at 1550 nm is particularly low in energy. Femtosecond-
transient absorption spectroscopy reveals a short excited state lifetime of 1.4 ns, six orders of
magnitude shorter than that of mer-[Cr(ddpd)2]3*. Using density functional theory and ab initio
multi-reference calculations, we break down the reasons for this disparity, and derive principles
for the design of future stable photoactive molybdenum(I11) complexes.

Introduction

Research in the field of photochemistry and photophysics of transition metal complexes in the
past few decades primarily focused on materials based on precious metals due to their favorable
excited state properties.’™ In the past 10 years, scientific curiosity drove researchers to explore
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earth-abundant metal complexes in more detail.>*' These efforts uncovered photoactive
complexes with intriguing excited state properties that can show unique reactivity following
novel mechanisms.12-22

In particular, photoactive chromium(l11) complexes saw a renaissance.?*?* It was kicked off by
the discovery of design principles that allowed access to materials with bright long-lived excited
states. The seed for this revolution was the so-called molecular ruby, mer-[Cr(ddpd)2]** (ddpd
=N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-diamine), that shows a dual phosphorescence
in the near-infrared (NIR) with a high quantum yield and lifetime of 13.7 % and 1.12 ms,
respectively.?®>?® The emission originates from nested metal-centered doublet states that only
differ from the quartet ground state by a flipped spin (spin-flip emission). In the molecular ruby,
the ligand ddpd produces a large ligand field splitting that shifts distorted “T> states to higher
energy which would otherwise enable non-radiative deactivation of the emissive spin-flip
states.4?

Because no antibonding orbitals are occupied in the spin-flip states, they only show negligible
excited state distortion and hence sharp emission bands.?* The energy of these nested excited
states depends on the interelectronic repulsion which is determined by the nephelauxetic effect,
i.e. the extent of delocalization of the d-electrons on the ligands, which is often expressed using
the Racah parameters B and C from ligand field theory.?#?® Covalent M—L bonds lead to low-
energy spin-flip states while ionic bonds increase the excited state energy. Phosphorescence
from chromium(l11) complexes is usually found between 720 and 800 nm.2* Recently, it was
shown that the emission energy can be tuned from the red (709 nm)?° to NIR-11 spectral region
(up to 1067 nm) by ligand design.30-32

An important deactivation pathway for low-energy luminescence is energy transfer to
vibrational overtones of the ligand or the solvent.®® Statistic deuteration of ddpd boosted the
luminescence quantum yield of mer-[Cr(ddpd)2]** to 30 %.%* Overall, complexes with spin-flip
excited states have been applied in optical sensing of hydrostatic pressure, temperature and
oxygen partial pressure,®3 as energy and electron transfer catalysts,’>3"3 as sensitizers for
photon upconversion,?>% as qubits*®“® and for circularly polarized luminescence.*+*8

Generally, spin-flip emission is neither limited to chromium(lll) nor the d® electron
configuration.?* Other metal-centers such as vanadium(lll) or manganese(IV) have been
explored as well and show dramatically different excited state energies due to their different
M-L bond covalency.1949-52

In contrast to the large body of work covering octahedral chromium(111) complexes, 3>’ those
of the heavier homolog molybdenum(lIl) have remained largely unexplored.?* Although both
ions share the same d® electron configuration, molybdenum(I11) complexes are more labile and
prone to oxidation and dimerization due to the higher ionic radius of the central metal.%%
Homoleptic Mo'"" complexes are particularly rare with most of the reported examples being
stabilized by halides.>®-3

Recent reports on mononuclear molybdenum(l1l) complexes include the investigation of the
strongly solvatochromic [Mo(bpy)Cls]®* (bpy = 2,2’-bipyridine) and the redox chemistry of
[Mo(MePDP),]™ (n =0, 1, 2, 3) with a tridentate pyridinepyrrolate ligand (H2M®PDP = 2,6-bis(5-
methyl-3-phenyl-1H-pyrrol-2-yl)pyridine).8? Detailed investigations of the zero-field splitting
(ZFS) of mononuclear molybdenum complexes are limited to few reports.®>® Studies of
luminescent molybdenum(I11) complexes are equally rare, with only 10 examples covered in
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three publications, all of which feature at least three (pseudo)halide ligands.?*%*-"2 Due to the
low interelectronic repulsion in the extended 4d orbitals, the reported emission is red-shifted
compared to typical chromium(I11) complexes and located >1100 nm.?*"® A trend which is also
expected when considering the Racah parameter B of the free ions (Cr**: 918 cm™, Mo**: 610
cm1).”® Hence, molybdenum(I11) complexes provide an ideal chemical platform to explore the
effects of strong spin-orbit coupling™ and low interelectronic repulsion on spin-flip states.
Additionally, their investigation can provide molecular materials of earth-abundant metals with
highly desired luminescence in the NIR-I1 spectral region without the need to rely on rare-earth
elements.”7®

Here, we present the synthesis and structural characterization of the heteroleptic halido
complexes mer-MoXs(ddpd) (X = Cl: mer-1, X=Br: mer-2) and the homoleptic complex cisfac-
[Mo(ddpd)2]®* (cisfac-[3]3*). We report their electronic absorption spectra including spin-
forbidden absorptions in the red to NIR spectral region. All three complexes show weak spin-
flip phosphorescence in the NIR-11 in solution at room temperature, with cisfac-[3]3* featuring
the lowest spin-flip phosphorescence energy reported to date (Amax = 1550 nm). For cisfac-[3]",
we also provide a detailed investigation of the ground state electronic structure by means of
superconducting quantum interface device (SQUID) magnetometry and EPR spectroscopy, and
the excited state dynamics by fs-transient absorption (TA) spectroscopy. We support our
experimental results with density functional theory (DFT) and ab initio multi-reference
quantum chemical calculations.”’

Results and Discussion
Syntheses and crystal structures

Mer-1 and mer-2 were obtained from a THF substitution reaction of the precursor complexes
mer-MoCl3(THF)3 | and mer-MoBrs(THF)s 11 with the ligand ddpd (Scheme 1).”%8° The
synthesis of the homoleptic complex cisfac-[3]%* as [BF4]™ and [PFs] salts generally proceeded
by treating mer-1 or mer-2 with ddpd in the presence of a halide abstracting agent such as
silver(l) or thallium(l) salts under inert conditions (Scheme 1). Composition and purity of the
complexes were confirmed using IR spectroscopy, mass spectrometry and elemental analysis
(see Supporting Information, Sl, Figure S1-Figure S9).
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Scheme 1: Synthesis of mer-1, mer-2 and cisfac-[3]** from the precursors | and 11, and the
ligand ddpd. Y~ = counterion of [3]**, RT = room temperature.

While the meridional configuration of I and 11 was preserved in the synthesis of 1 and 2, [3]®*
was exclusively isolated with a cis-facial coordination of the ligands regardless of whether the
synthesis was performed at room temperature (Route A) or at 82°C (Routes B and C, Scheme
1). This contrasts a previous report on [V(ddpd)2]?* where the cisfac-isomer was obtained as
the kinetic and the mer-isomer the thermodynamic product at 22 and 82 °C, respectively.8!
Similarly, [Co(ddpd)2]** could be isolated as cisfac- and mer-isomers by rapid and slow
crystallization, respectively.®282 DFT calculations on [3]3* suggest only a slight stabilization of
the mer-isomer (ca. —0.1 eV) with respect to the cisfac- and transfac-isomers which are placed
at almost the same energy (Figure S35). It is possible that a mixture of isomers forms during
the halide substitution reactions. Yet only the cisfac-isomer readily crystallizes enabling its
isolation.

One attempt to synthesize [3]** from mer-2 with Ag[PFe] as halide abstraction agent produced
the binuclear molybdenum(V) complex [Moz(ddpd)202(p-0)2][PFs]2 ([4][PFel2). Similarly,
refluxing MoCls with ddpd in MeCN vyielded crystals of Mo2Clz(ddpd)O2(u-O)2 (5) and the
Lindqvist hexamolybdate® [Hddpd]2[MosO10] ([Hddpd]2[6]) with the protonated ddpd ligand
serving as a counterion. These results underline the sensitivity of Mo'"' complexes towards
hydrolysis and oxidation that is absent in most Cr'""' complexes.?42°
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Single crystals of mer-1, mer-2, cisfac-[3]** as [BF4]™ and [PFe]  salts, [4][PFs]>-DCM, 5 and
[Hddpd].[6] for X-ray diffraction (XRD) analysis were obtained by slow diffusion of diethyl
ether or THF into MeCN or DMSO solutions (Figure 1). Mer-1 and mer-2 crystallize
isostructurally in the monoclinic space group P2:/n (Figure 1, Table S1, Table S4) which has
also been reported for the corresponding chromium(111) homologs.2# The crystal structure of
cisfac-[3]** is strongly influenced by the counterions and cocrystallized solvent molecules
(Figure 1, Table S2), similar to the pseudo-polymorphs found for [Cr(ddpd)2]**.2° Yet, the
geometry of the complex cation cisfac-[3]** is mostly unperturbed by the second coordination
sphere in the crystal lattice (Table S5).

The average Mo—-N and Mo—X (X = Cl, Br) distances observed in the single crystals of mer-1,
mer-2 and cisfac-[3]** match those obtained by extended X-ray absorption fine structure
spectroscopy at the Mo K-edge of the powders (EXAFS, Figure S11-Figure S15, Table S9—
Table S11) and are well reproduced by a structural model derived from DFT calculations
(B3LYP/D3BJ/IZORA/TZVP/ICPCM(MeCN), Table S4, Table S5).

The symmetric and asymmetric molybdenum(V) dimers [4][PFs]>:DCM and 5 crystallize in the
space groups C2/c and Pna2s, respectively, with facial coordination of the ddpd ligands (Figure
1, Table S3, Table S6, Table S7). The [M0202(u-0)2]** motif is common for Mov204Ln
complexes®”® and the short MoV—MoV distances of ca. 2.5 A are characteristic for Mo—Mo
single bonds (Table S6, Table S7).89 The molybdate(VI) [Hddpd]2[6] crystallizes in the space
group C2/c and the averaged Mo—O bond lengths in the cluster anion (Figure 1, Table S3, Table
S8) conform to previous literature reports.*

Overall, the results of our syntheses demonstrate that mer-1, mer-2 and cisfac-[3]** are
susceptible to oxidation and hydrolysis in solution, which has also been observed for other
molybdenum(111) complexes in previous reports.>® In the solid state, the three complexes can
be handled under air.



Figure 1: Molecular structures of a) mer-1, b) mer-2, ¢) cisfac-[3]**, d) [4]**, e) 5 and f) [6]*.
Thermal ellipsoids at 50 % probability. Hydrogen atoms and counterions omitted for clarity.
Color code: Grey = carbon, purple = nitrogen, blue = molybdenum, green = chlorine, orange =
bromine, red = oxygen. Atom numbering for [6]% in Figure S10.

Electronic Structure of the Ground State of cisfac-[3]%*

To probe the electronic structure of the ground state in cisfac-[3]®*, we performed cyclic
voltammetry in solution, high-field (HF) and X-band electron paramagnetic resonance (EPR)
spectroscopy, as well as SQUID magnetometry of powders or pressed pellets.



Cisfac-[3]3* shows two irreversible oxidation waves at +1.47 and +1.71 V vs. FcH/FcH™ in
MeCN (Figure S17, Figure S18, Table 1). On the reductive side, we found three waves with
decreasing reversibility (-0.94, -1.76, —2.02 V vs. FcH/FcH™). For the assignment of the other
oxidation and reduction waves, we optimized the geometries of the respective oxidized and
reduced complex and generated their spin densities (Figure S36, Table S13). Based on this
analysis, we assign the first wave at —0.94 V vs. FcH/FcH" to a metal-centered reduction
(Mo""™). 1t is plausible that the larger Mo"' center is easier to reduce than Cr'"' in mer-
[Cr(ddpd)2]** (-1.11 V vs. FcH/FcH™Y).% The second reduction wave in cisfac-[3]** at —-1.76 V
vs. FcH/FcH* can be assigned to a metal-centered reduction (Mo'"). We tentatively assign the
wave at —2.02 V vs. FcH/FcH™ to a ligand-centered reduction (ddpd/[ddpd] ™, Table 1) based on
the fact that the reduction of the ligand was found to be irreversible in the free ligand and all
ddpd complexes reported so far.?” The irreversible waves in cisfac-[3]** at +1.47 and +1.71 V
vs. FcH/FcH* correspond to a metal-centered (Mo'"") and ligand-centered oxidation
([ddpd]**/ddpd), respectively, according to the DFT calculations (Figure S36, Table S13).

Table 1: Electrochemical data of cisfac-[3]3* (this work) and mer-[Cr(ddpd)2]**% with
assignments of the redox processes.

cisfac-[3]3* mer-[Cr(ddpd).]**
—2.02* (ddpd/[ddpd])?
~1.76 (Mo'""P —1.94* (ddpd/[ddpd]")
_094 (MOIII/II)b ~1.11 (CrIII/II)
+1.47* (Mo'V/'P +1.71*
+1.71* ([ddpd]"*/ddpd)®

All potentials measured in MeCN (0.1 M ["BusN][PFe]) and given vs. FcH/FcH®. * Irreversible
wave. a Tentative assignment. b Assignment drawn from DFT calculations (Figure S36, Table
S13).

To probe the properties of the electronic ground state of cisfac-[3]**, we first performed SQUID
magnetometry on a pressed pellet of the complex from 1.8 to 300 K (Figure 2). The
experimental temperature-susceptibility value (4T) is 1.67 cm® K mol™ at room temperature
and yields a g-value of 1.89 based on the Curie law for a S = 3/, spin system.®* A g-value below
2 is expected for less than half-filled d-shells. Additionally, the drop of 4T below 50 K hints
towards substantial ZFS or an intermolecular exchange pathway in cisfac-[3]**. The
experimental data are reproduced well by spin Hamiltonian simulations using Eq. 1, with the
Bohr magneton g, the spin operators S, S, S, and S, the g-tensor g, the magnetic field vector
B, and the axial and transversal ZFS parameters D and E (Table 2).%?

H=ppS-g-B+DS?+E(SZ—52) 1)

Table 2: Spin Hamiltonian parameters of cisfac-[3][BFa]s determined by different methods with
total electron spin S, axial and transversal ZFS parameters D and E, principal values of the g-
tensor gxx,yy,zz and exchange coupling constant J.

SQUID®* HFEPR® X-bhand EPR® CASSCF®

S 3/2 3/2 3/2 312
D/cm?  8.0(1) 6.7(1) 6.7¢ 6.6
E/cm?  0.8(4) 0.8(5) 0.8¢ 1.65
Oxx 1.61(1) 1.61(3) 1.61¢

Oyy 212(2) 212(5) 2.2

Oz 1.90(2)  1.903)  1.90¢
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J 0.7
a Measured in pressed pellet. b Measured with a powder sample. Simulated using Eq. S1. ¢
SOC-CASSCF(7,12)-NEVPT2. d Values taken from HFEPR spectra.

A simulation of the experimental »T curve is possible with D = 8.0(1) cm™, E = 0.8(4) cm™
and principal values of the g-tensor gxx,yy,zz = [1.61(1), 2.12(2), 1.90(2)]. This set of parameters
also reproduced field dependent magnetization curves at temperatures of 1.8, 5, 10 and 20 K
(inset in Figure 2). Similar to a previous report on molybdenum(l1l) complexes, the observed
g-values lie below 2.%°

2T/ cm® K mol™

0 2 4 6
H/10* Ce
0.0 T T d T T T T T T T T 1
0 50 100 150 200 250 300
T/K

Figure 2: Temperature dependence of 4T of cisfac-[3]** in a pressed pellet obtained from
SQUID magnetometry. Inset: Magnetization M vs. magnetic field H at the indicated
temperatures. Experimental data is shown as black circles, while simulations based on Eqg. 1
with the spin Hamiltonian parameters in Table 2 are shown as red lines.

To complement the magnetometry results, we performed HFEPR spectroscopy®® between 180—
420 GHz at 5 K on the same pellet of cisfac-[3]** (Figure 3a). The HFEPR spectra at 5 K show
three main features. At 320 GHz, these signals are located at 1.4 T (A, broad), 3.4 T (B, sharp)
and 10 T (C, broad) and can be assigned to transitions from ms = -1/, to —3/> formally forbidden
transitions inside the ms = +%/, doublet in x/y direction, and the Kramers doublet ms = -/, to
+1/,, respectively (see Sl for details). Hence, the ZFS parameter D = 6.7 cm™ and an
approximate value for E of 0.83 cm™ can be extracted from signals A and B, respectively. These
values agree well with spin Hamiltonian simulations (Eq. 1) of the HFEPR spectra, which yield
D =6.7(1) cm™, E = 0.8(5) cm™ and gxxyy, = [1.61(3), 2.12(5), 1.90(3)] (Table 2).
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Figure 3: a) Frequency dependent HFEPR spectra (black trace) of cisfac-[3]3* (pressed pellet)
at the indicated frequencies and 5 K with simulated spectra based on Eq. 1 (red trace). Colored
lines (green, yellow, purple) added to guide the eye. Measurement artifacts arising from the
instrumental setup are marked with asterisks. b) Powder X-band EPR spectrum of cisfac-[3]%*

at 10 K (black trace) with simulated spectra based on Eq. 1 (red dashed trace) and Eq. S1 (red
solid trace).

Since with HFEPR spectroscopy at constant temperature alone the sign of D cannot be
determined with certainty, we recorded additional spectra at 320 GHz at variable temperatures
(540 K, Figure S19). All three main signals A—C decrease in intensity with increasing
temperature which suggests D > 0 and which is consistent with spin Hamiltonian simulations
(see Sl for details).

We completed the spectroscopic investigation of cisfac-[3]* by solid state X-band EPR
spectroscopy (9.6 GHz) at 10 K to cover transitions in the low energy region. We obtained a
rich spectrum that can only be reasonably simulated by including an exchange interaction term®
JS1'S; with a coupling constant of J = -0.7 cm™ in Eq. 1 (Figure 3b). This hints to a small
antiferromagnetic interaction between complex cations in the solid state or an impurity that
forms over time when the air-sensitive complex decomposes. However, the simulated spectrum
was not able to reproduce all signals that were found experimentally, indicating a more complex
interaction scheme in cisfac-[3]®*. We did not observe this coupling in the HFEPR spectra
(Figure 3) because of the large line width of the signals and the high value of D compared to
the magnitude of the interaction J (Table 2). Hence, the HFEPR spectra are dominated by
signals arising from ZFS.



For a theoretical description of the ZFS in cisfac-[3]*, we performed complete active space
self-consistent field calculations with spin-orbit coupling and N-electron valence state
perturbation theory to correct for the missing dynamic electron correlation (SOC-
CASSCF(7,12)-NEVPT2, see Sl for details). The calculations yielded D = —6.6 cm™ and
E = 1.65 cm! which reasonably agrees with the magnitude of the experimental ZFS, but gives
the wrong sign for D. The same behavior has been observed for the V! analog of cisfac-[3]%*,
where the calculated ZFS parameters showed good agreement with experimental data for
selected active spaces, while for others, the sign of D was inverted.8!

In summary, SQUID magnetometry and EPR spectroscopy Yyield a consistent picture of the
electronic ground state of cisfac-[3]3* with a total electron spin S of %/, ZFS parameters of D =
6.7(1) cm™ and E = 0.8(5) cm™, gxxyy.zz = [1.61(3), 2.12(5), 1.90(3)] and an exchange coupling
constant of J = —0.7 cm™ (Table 2). Literature reports on spin Hamiltonian parameters of
monomeric molybdenum(I11) complexes are scarce with many studies focusing on polynuclear
compounds or clusters.®8%4% Apparent g-values were reported for Mo(acac)s (acac™ =
acetylacetonate), but the ZFS parameters were not explicitly considered in this analysis.*
Another study only provided an estimate for the ZFS parameter |D| > 1.5 cm™ for Mo(acac)s.”’
A more detailed report found gy = 1.94 and g. = 1.97 with D = 6.3 cm* and a small
antiferromagnetic interaction (J = —0.65 cm™) for Mo(acac)s in the solid state which is similar
to our results for cisfac-[3]3*.%8 Cisfac-[3]3* shows a higher ZFS than cyanide-bridged Mo—Ni
complexes with |D| values of 0.44 to 2.7 cm 2,991

Optical Properties

The remarkable optical properties of mer-[Cr(ddpd)2]**4% inspired us to perform an in-depth
optical characterization of mer-1, mer-2 and cisfac-[3]%*.
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Figure 4: Absorption spectra (210-550 nm: MeCN, >550 nm: d3-MeCN, black traces) and
normalized photoluminescence spectra (Aexc = 450 nm, MeCN, red traces, * = correction
artifacts; see Sl for details) of a) mer-1, b) mer-2 and c) cisfac-[3]3*. The weak low-energy
absorption bands are scaled by a factor of a—b) 10* and c) 3-10*.

All three complexes under investigation show intense absorptions in the UV to green spectral
region that can be assigned to spin-allowed quartet transitions (Figure 4). The lowest energy
transitions in this area have mainly quartet metal-to-ligand charge transfer “MLCT(Mo->ddpd)
in mer-1 and mer-2, and quartet ligand-to-metal charge transfer *LMCT(ddpd->Mo) character
in cisfac-[3]** according to TD-DFT calculations and charge transfer number analyses (Figure
S20).1 Higher-energy bands are of mixed quartet ligand-centered (*LC), quartet ligand-to-
ligand charge transfer (*LL’CT) and *LMCT(X->Mo) character. As a sidenote, LC transitions
only involve orbitals localized on a single ligand while LL’CT transitions involve a shift of
electron density from one ligand to another. CASSCF(7,12)-NEVPT2 calculations place the
lowest-energy “A,=>*T, transitions at 308, 423 and 452 nm for cisfac-[3]3*, mer-1 and mer-2,
respectively. This reflects the decreasing ligand field splitting in this series in agreement with
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the spectrochemical series Br~ < CI~ < pyridine (Figure S37—Figure S39). In the experimental
absorption spectra, these formally Laporte-forbidden metal-centered transitions are masked by

intense “LC and charge-transfer bands.

Table 3: Absorption band maxima Aabs and molar absorption coefficients ¢ of mer-1, mer-2 and
cisfac-[3]**. Assignments drawn from TD-DFT calculations with charge transfer number
analyses!®! and CASSCF(7,12)-NEVPT2 calculations (see Sl for details). sh = shoulder.

mer-1

das/nm g/ Mtcmt assignment

245 20300 “LC(ddpd)

296 13700 “LC(ddpd), (CI>Mo)
324 11700 4(Mo=>ddpd), “LC(ddpd)
363 5500 “(Mo->ddpd)

436 860 “4(Mo->ddpd)

693 1.4 *A T,

748 (sh) 1.0 *A>?T,

1130 1.7 *A>°TPE

1188 1.6 *A>°TPE

1268 0.6 “A>°T1°E
mer-2

das/nm g/ Mtcm? assignment

244 16500 *LC(ddpd)

257 (sh) 15300 “LC(ddpd)

286 (sh) 15000 “4(Mo=>ddpd), “LC(ddpd)
300 15500 4(Br->Mo)

329 (sh) 10000 “LC(ddpd)

369 4500 “(Mo->ddpd)

413 (sh) 2000 “LC(ddpd)

712 4.2 A>T,

760 (sh) 2.3 A>T,

1130 2.1 ‘A>°TPE

1188 1.8 *A>°TPE
cisfac-[3]**

das/nm g/ Mtcm? assignment

246 44400 “LC(ddpd)

299 18800 “LC(ddpd)

328 15900 “4LC(ddpd), ‘LL’CT
457 2540 “LMCT

650 0.2 *A>%T,

691 0.3 ‘A2,

936 0.08 “A>?T/E

1040 0.6 “A>?T./’E

1087 1.3 *A>°TE

1325 0.3 “A>7%T,

Concentrated solutions of mer-1, mer-2 and cisfac-[3]%* in d3-MeCN revealed two sets of weak
absorption bands in the red and near-infrared (NIR) spectral region that we assign to the spin-
flip transitions “A>2T, and *A;>2T1/°E, respectively, using CASSCF(7,12)-NEVPT2
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calculations (Figure 4, Table 3, see Sl for details). The strong spin-orbit coupling induced by
heavy atoms such as Mo and Br lifts the spin selection rule rendering these formally spin- and
Laporte-forbidden transitions relatively strong (= 0.3-4.2 M~ cm™) and most intense in mer-
2. The weakest spin-forbidden absorptions were found for cisfac-[3]** because the Laporte rule
applies more strongly in this case due to the higher local symmetry of the [MoNs] core. In
contrast to the heteroleptic complexes, cisfac-[3]** features a broad absorption band at 1200
1500 nm that we assign to a more strongly distorted state of 2T parentage. Overall, the energies
of the spin-forbidden transitions are hardly affected by the ligand environment. While
CASSCF(7,12)-NEVPT2 calculations overestimate the absolute transition energies by ca.
2000-3000 cm™, they correctly reflect the higher spread of 2Ti/?E states in cisfac-[3]**
compared to mer-1 and mer-2 (Figure S50). For mer-1 and mer-2, the multi-reference
calculations on the Franck-Condon geometry place a °E state at lowest energy, while for cisfac-
[3]3* the lowest doublet state is Ty in character. The calculations also predict a minor influence
of the specific configuration of the ddpd ligands in [3]** (cisfac, transfac or mer) on the energies
of the doublet states (Figure S50). There is, however, a notable shift of the two states of 2E
parentage to higher energy in the two facial isomers (Figure S50).

In previous reports e.g. on the ddpd complexes of chromium(111)* and vanadium(ll),®! the
position of the metal-centered *A2>*T- absorption bands that correspond to the ligand field
splitting was identified using magnetic circular dichroism (MCD) supplemented by CASSCF
calculations. So in an attempt to better resolve the energetically close-lying electronic
transitions in cisfac-[3]3*, we measured recorded its MCD response at 1.8 K and 5 T (Figure
S22). The spectrum was deconvoluted with Gaussian curves yielding seven components (Figure
S22, Table S12) revealing a fine-structure of the *LMCT band at 450 nm. However, the
simulated MCD spectrum obtained from CASSCF(7,7)-NEVPT2 calculations did not match
the experiment (Figure S23). This is likely because the metal-centered *A,=>“T, transitions are
hidden under MCD bands originating from “CT states, which limits further analysis of the data
in this regard.

Excitation of mer-1, mer-2 and cisfac-[3]** with a blue cw-laser (450 nm) in MeCN solution at
room temperature reveals weak emission bands peaking at 1300, 1250 and 1550 nm, with full
widths at half maximum (FWHM) of 980, 840 and ca. 1200 cm™, respectively (Figure 4, Table
4, Figure S24). The Stokes shifts of 600-1000 cm™ indicate a small but significant excited state
distortion in all three complexes that is also reflected in the respective DFT-optimized
geometries of optimized metal-centered doublet states (Figure S51, Table S14). Hence, we
assign the emission to spin-flip phosphorescence from slightly distorted 2T; states. Mer-
[Cr(ddpd)2]** only showed small Stokes shifts (<100 cm™) and sharper bands (FWHM = 420
cm™1) in comparison,'* which might reflect the higher flexibility of the first coordination sphere
around the larger molybdenum(l11) ion in mer-1, mer-2 and cisfac-[3]%*. In contrast to most
Cr'"" complexes,?*3> emission of mer-1, mer-2 and cisfac-[3]** was only detected from their
lowest-energy doublet states, although the 2T1/2E states are most likely thermally equilibrated
due to being close in energy. We speculate that the spin-flip transitions from higher-lying
doublet states have lower radiative rates, and are therefore difficult to detect.

In the solid state, mer-1, mer-2 and cisfac-[3][BF4]s show significantly more intense
luminescence with 450 nm excitation (cw-laser, 1 W) that is only slightly shifted with regards
to the data obtained in solution (Figure S29, Figure S30, Figure S31, Table 4). The
luminescence intensity of cisfac-[3][BFa4]s increased by ca. one order of magnitude upon
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cooling of the sample to 77 K (Figure S32) suggesting a thermally activated relaxation pathway.
Additional emission bands peaking at 900-1130 nm were assigned to artifacts that arise from
reabsorption of a luminescence background by the spin-forbidden transitions (Figure S33,
Figure S34, see general methods section in SI). The luminescence lifetimes of mer-1 and mer-
2 in the solid state were determined as 24+10 and 15+5 ns, respectively. Further luminescence
lifetimes or quantum yield measurements are precluded by the generally weak luminescence
intensity. From our experience with other samples measured in our spectrometer, we estimate
the quantum yields of mer-1, mer-2 and cisfac-[3]** in MeCN and the solid state at room
temperature to be below 0.00001 %.

Table 4: Spin-flip phosphorescence band maxima Amax of mer-1, mer-2 and cisfac-[3]%* in
MeCN at room temperature and in the solid state with luminescence lifetime zin the solid state.

Complex Amax Amax (solid)  z(solid)/  assignment
(MeCN) / /nm ns
nm
mer-1 1310 1300 24+10 2T1>%A,
mer-2 1250 1270 1545 2T1>%A2
cisfac-[3]3* 1550 1510 — 2T DA,

The photostability of the complexes in MeCN under cw-laser irradiation at 450 nm (1 W)
qualitatively decreases in the order cisfac-[3]* > mer-1 > mer-2. The emission spectra of mer-
1 do not change in consecutive scans, but the complex decomposes after 14 min of irradiation
(Figure S27a). Irradiation of mer-2 readily decomposes to a species emitting at 1530 nm (Figure
S25, Figure S27b). Mass spectrometric analysis of a photolyzed sample of mer-2 suggests loss
of bromide forming MoBr2(ddpd)(MeCN) (Figure S26). Cisfac-[3]** is very photostable and
does not decompose after 40 min of irradiation (Figure S27c). None of the three complexes
showed signs of photodegradation in the solid state under air.

Mer-1 and mer-2 emit at lower energies than fac-MoXs(Mes[9]aneNs) (X = CI, Br,
Mes[9]aneNs = 1,4,7-trimethyl-1,4,7-triazacyclononane) with phosphorescence band maxima
at 1120 and 1130 nm, respectively.”® This can be explained by a stronger nephelauxetic effect
induced by the ‘softer’ aromatic ddpd ligand compared to the ‘harder’ amine-based ligand
Mes[9]aneNs. A similar blue-shift of the emission can be observed for comparable Cr'!
complexes with pyridine and amine ligands.?* Cisfac-[3]* is the first example for a luminescent
molybdenum(l11) complex solely stabilized by polypyridyl ligands, and shows the lowest spin-
flip emission energy reported so far.2* This suggests an unexpectedly high covalency between
the metal and the ddpd ligands.?* Emission in this low energy region is very rarely observed
from transition metal complexes'®>'® and more commonly found for ff-transitions of
lanthanides, 104105

Deactivation of low-energy luminescence can occur via energy transfer to vibrational overtones
of the ligand or solvent with a distance dependence of r~8.3334 Given that the emission bands of
mer-1, mer-2 and cisfac-[3]®* overlap with NIR absorption bands of acetonitrile at 1170 and
1380 nm originating from vibrational overtones (Figure S28),2% it is surprising that the
luminescence is detectable at all, even in solution at room temperature. Possibly, the metal-
confined nature of the spin-flip states hinders quenching via this intermolecular pathway. Apart
from the solvent, the coordinated ddpd ligand presents C—H oscillators in close proximity to the
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metal center. The emission bands of mer-1 and mer-2 are located between the first (v?) and
second (v3) C—H vibrational overtones of the ligand (1670 and 1136 nm),** while the emission
band of cisfac-[3]3* significantly overlaps with the first overtone v2(C—H) (Figure S28). Hence,
we expect ligand deuteration to strongly enhance phosphorescence lifetimes and quantum
yields in mer-1, mer-2 and especially cisfac-[3]**, in analogy to reports on chromium(lI1)
complexes.?®** Work along these lines is currently in progress in our labs.

Excited state dynamics of cisfac-[3]**

To elucidate the temporal evolution of the excited states in cisfac-[3]3* we recorded fs-transient
absorption (TA) spectra after pulsed “LMCT excitation at 515 nm in MeCN (Figure 5, Figure
S53). The TA spectra bear some similarity with those obtained for [Cr(ddpd)2]3*.}* Global
analysis of the data reveals three time constants for cisfac-[3]** (nn = 2.5 ps, » =6.2 ps, 3 =
1.4 ns, Figure S53, Figure S55, Figure S56). The initial spectrum shows an intense excited state
absorption at 740 nm that decays to a new species within 2.5 ps with absorption maxima at 525
and 660 nm. The pseudo-isosbestic point in the area-normalized TA spectra suggests that this
transition proceeds from one state to the other, or via intermediate states that do not accumulate
(Figure S57).1%7 Hence, we assign this process to the transition from the initially excited “LMCT
state to the spin-flip states (°T/2T1/?E) with an upper limit for the time constant for intersystem
crossing (ISC) aisc of 2.5 ps. This is in line with a recent study on a chromium(l11) complex
where it was not possible to isolate the ISC process with TA spectroscopy alone.1%

Next, the bands sharpen and shift to higher energy with a time constant of 6.2 ps which is
consistent with internal conversion (1C) and vibrational cooling (VC) within the doublet excited
states 2T1/2E (Figure S58). After 17 ps, the shape of the TA spectra does not change significantly
anymore (Figure S58) and the 2T1/°E states decay to the *A, ground state with a time constant
of r=1.4ns.
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Figure 5: Transient absorption spectra of cisfac-[3]** in MeCN after pulsed excitation at 515
nm at various time delays (fluence: 35 pJ cm2, repetition rate: 50 kHz). Spectral window of
509-520 nm was omitted for clarity due to excitation scatter.
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The decay of the 2E/?T; states in cisfac-[3]3* (7= 1.4 ns) is six orders of magnitude faster than
in mer-[Cr(ddpd)2]®* (z= 1.12 ms) for which we propose four main reasons: 1) The energy of
the 2T1/%E states in cisfac-[3]3* is ca. 0.7 eV lower than that of the chromium(I1l) complex
which facilitates non-radiative relaxation according to the energy gap law.*® 2) Multi-phonon
relaxation via vibrational overtones of the ligand is favored for cisfac-[3]3* as its emission
overlaps with the v2(C—H) band of the pyridyl ligand (Figure S28), while the much weaker v*
and v° overtones are relevant for mer-[Cr(ddpd)2]®*.3334 3) The high spin-orbit coupling in
cisfac-[3]°* induced by the 4d ion Mo'!""* accelerates formally spin-forbidden processes such as
the 2T1/2E->*A; relaxation.1%-112 4) The cis-facial coordination of ddpd in cisfac-[3]°* enables
trigonal distortions in the excited doublet states which can lead to non-radiative deactivation
via low-energy mixed states, and which are not available in the more rigid mer-
[Cr(ddpd)2]**.24113 It is worth noting that the “T. states that are central to the design of
chromium(111) complexes are irrelevant for the photophysics in molybdenum(lll) complexes
because of their intrinsically much higher energy (Figure 6).
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| 1550 i
, 1.4ns |1950nm
A,
0- — : 12D =
T+ 13.4 cm’’

Figure 6: Energy diagram of cisfac-[3]3* with microstates of electronically excited states, with
time constants 7 for the excited state dynamics determined by TA spectroscopy (MeCN, Aexc =
515 nm) and ZFS (2D) determined by HFEPR spectroscopy (not to scale, gray box). The blue
bars on the left indicate the quartet ground state and the lowest quartet excited states as obtained
from TD-DFT (*CT/*LC) and CASSCF(7,12)-NEVPT?2 calculations (“T2). The metal-centered
“T, states are buried under *CT and “LC transitions. The red bars correspond to the doublet spin-
flip states whose energies were extracted from absorption and emission spectra.

Conclusions

While phosphorescence from metal-centered spin-flip states in chromium(l11) complexes is
well understoog1®2225:29.30:38:45,46,114.115 the effects of combining the ligand ddpd with the heavier
molybdenum(lll) as central ion had not been delineated yet. The new water and oxygen-
sensitive complexes mer-MoXs(ddpd) (X = CI, Br) and cisfac-[Mo(ddpd)2]** showed weak
low-energy phosphorescence in the NIR-1I in solution at room temperature. The excited state
lifetime of cisfac-[Mo(ddpd).]** (1.4 ns) was found to be six orders of magnitude shorter than
that of mer-[Cr(ddpd)2]** (1.12 ms).?® SQUID magnetometry and EPR spectroscopy on cisfac-
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[Mo(ddpd)2]** revealed large zero-field splitting parameters of D = 6.7(1) cm™ and E = 0.8(5)
cm! compared to chromium(111)*° resulting from strong spin-orbit coupling.

As suspected, it is not possible to simply transfer the learnings from chromium(lll)
photophysics'*!!! to its heavy cousin molybdenum(lll). Instead our results suggest the
following guidelines for the future design of photoactive molybdenum(lll) complexes: 1)
Unlike with chromium(lil),'* dedicated strong-field ligands are not required to avoid
deactivation via back-intersystem crossing. Even in the heteroleptic complexes MoXz(ddpd)
with the weak, w-donating chlorido and bromido ligands, the ligand field splitting was
sufficiently large. 2) Ligands should be selected for a weak nephelauxetic effect, forming more
ionic Mo-L bonds, to push the emissive spin-flip states to higher energies. 3) High-energy
oscillators (C—H, N-H, O-H) in close proximity to the metal center should be avoided to reduce
multi-phonon relaxation, either by ligand design or by ligand deuteration. 4) Rigid ligands,
preferably in meridional configuration can help to limit deactivation of the excited states via
trigonal distortion. 5) Shielding of the metal center from nucleophilic attacks can increase the
overall stability against oxidation and hydrolysis.

We are confident that these guardrails can keep us on the road to stable molybdenum(Iil)
complexes with sharp NIR-I1 luminescence beyond materials based on rare-earth metals.

Supporting Information
The Supporting Information is available free of charge at xx.

Supporting Information: General methods, synthetic procedures, mass spectra, crystal structure
parameters, cyclic voltammetry, spectroscopic data (FTIR, XAS, EPR, UV/Vis absorption,
MCD, luminescence, fs-transient absorption), quantum chemical calculations (PDF). Cartesian
coordinates of geometries optimized using quantum chemical calculations (XYZ).
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Luminescent chromium(l11) complexes have been studied in great detail during the past
decades. In contrast, only 10 emissive molybdenum(l1l) complexes have been reported so far.
Here, we present two heteroleptic and one homoleptic molybdenum(I11) complexes that show
weak spin-flip emission in the NIR-II peaking up to 1550 nm. We lay out the reasons for this
intriguing behavior based on EPR and fs-transient absorption spectroscopy supplemented with
multi-reference calculations and suggest design strategies for the future.
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