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ABSTRACT: Transition-metal complexes with earth-abundant

metal centers hold significant potential for light-induced processes. g N
Pseudo-octahedral vanadium(III) and vanadium(II) complexes 5
with d* and d® electron configurations are promising candidates, ’ A
yet their redox and excited-state properties are only insufficiently

understood. Here, we combine quantum chemistry and exper-

imental data (structure, cyclic voltammetry, spectroelectrochemis- ‘MLCT
try, electron-transfer dissociation, collision-induced dissociation, _?_ _T_ _?_
ultraviolet photodissociation mass spectrometry, and ultrafast

transient absorption spectroscopy) to elucidate redox and photo-
stability as well as excited-state lifetimes of the vanadium (III/1I)
redox couple cisfac-[V(dgpy),]**/** (dgpy = 2,6-diguanidylpyr-
idine). Ground-state splitting, mixing of spin-flip excited states with
metal-to-ligand charge transfer states, and multiphonon relaxation are identified as the key challenges for excited-state lifetimes in
these d*/d* systems.

vanadium(ll) dgpy ligand vanadium(lIl)

H INTRODUCTION orbitals, as immanent to conjugated bpy and phen ligands,
appear detrimental to vanadium(II) SF emission.

The *MLCT state can even become the ground state (ligand
noninnocence) through ligand substitution with electron-
withdrawing substituents.” On the other hand, electronically
isolated pyridines in the tripodal tpe ligands with #* orbitals at
comparably high energy place the 2MLCT states at sufficiently
high energy in [V(tpe),]*", so that 2"MLCT admixture to the
doublet SF states is reduced. This energy tuning enables a low-
energy luminescent excited state for [V(tpe),]*" with a record
lifetime of 760 ns at room temperature (Chart 1)."*

An additional challenge for achieving SF emission from
pseudo-octahedral vanadium(III) complexes lies in the
orbitally degenerate *T, ground state of d* vanadium(III)
ions in an octahedral coordination geometry. This degeneracy
is often significantly lifted, so that the energy gap to the lowest-
energy SF state is further reduced.””*>* Again, energy-gap
law”~* and multiphonon energy transfer via IRM*>** hamper
SF luminescence in such systems. The ground-state splitting of
the complexes VCl;(ddpd)” and [V (urea),][ClO,];*” amounts
to 800/1100 cm™" and 1400 cm™!, respectively. This appears
to be small enough to allow weak emission to be observed in

Exploration and exploitation of pseudo-octahedral polypyridyl
vanadium(II) and vanadium(III) complexesl_12 for photo-
physical > and redox applications has achieved less
attention than the investigation and applications of polypyridyl
chromium (I1I) complexes.14’17’18’21_3’6 However, the first NIR-
II luminescent d*vanadium(III) and d*-vanadium(II) com-
plexes [V(ddpd),]**,* V(C¢Fs)stren(CN'Bu),” VCl;(ddpd),”
and [V(tpe),]**'* (Chart 1) have been recently reported, yet
different ligand types are employed for the different oxidation
states (ddpd = N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-
2,6-diamine,>’ tpe = 1,1,1-tris(pyrid-Z-yl)ethane38). In any
case, the foremost prerequisite for spin-flip (SF) emission from
octahedral d* and d® metal complexes is a sufficiently large
ligand field splitting, so that interconfigurational ligand field
states are well above the (intraconfigurational) SF states.'®
Hence, strong-field ligands are required.

However, a large ligand field splitting alone is insufficient.
Although 2,2'-bipyridine (bpy) and 9,10-phenanthroline
(phen) are strong-field ligands, classical bpy and phen
vanadium(I) complexes (Chart 1) are nonemissive with
excited state lifetimes of 0.43 and 1.6 ns, respectively.' The
absence of measurable radiative decay is due to a very low- —
lying excited state (<0.8 eV) that forms by mixing doublet Received: February 12, 2026 Inorgfmlc(hemlxtry
metal-to-ligand charge-transfer (*MLCT) character into the SF Revised:  May 6, 2026 3 7
states.”® This low-energy state efficiently decays nonradiatively Acce.l’ted‘ May 8, 2026
according to the energy-gap law™”~* and energy transfer to Published: May 23, 2026
CH vibrational overtones via an inductive-resonant mechanism
(IRM) of nonradiative transitions.*>** Hence, low-energy 7*
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Chart 1. Selected vanadium(III) and vanadium(II)
complexes.' "' 1!?
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the solid state at 1102/1219/1256 nm and 1010/1175 nm,
respectively.”*® The hexapyridine complex [V(ddpd),]**
displays SF luminescence in solution at 1100 nm, even though
the ground-state splitting with ca. 1880/2690 cm™ is quite
large (Chart 1).* The emission lifetime amounts to 790/8800
ns (93%/7%) in frozen solution at 77 K.* The ground-state
splitting of the d® electron configuration in octahedral
symmetry has been circumvented by turning to a pseudo-
trigonal-bipyramidal coordination geometry in the complex
V[(CgFs);tren] (CNBu) (Chart 1) with an orbitally non-
degenerate ground state. This symmetry breaking enables SF
luminescence in a frozen glass at 77 K or in the solid state with
an excited state lifetime of 3 ys in the single crystal at 298 K.

Here, we aim to tune the lifetimes and energies of the
lowest-energy SF states of pseudo-octahedral vanadium(II)
and vanadium(III) complexes using a mixed pyridine/
guanidine ligand instead of classical pyridine-only ligands.
The different donors should affect the excited-state mixing and
the ground-state splitting and hence the energy gap and the
dynamics between the SF and the ground state. We describe
the synthesis and SC-XRD structures of new vanadium(III)
and vanadium(II) complexes [V(dgpy),]**/** with the mixed
pyridine/guanidine ligand dgpy (2,6-diguanidylpyridine) with
electron-poor and -rich subunits. The redox properties, gas-
phase stabilities, as well as the ultrafast excited-state dynamics
of both complexes were investigated by cyclic voltammetry,
spectroelectrochemistry, electron-transfer dissociation (ETD),
collision-induced dissociation (CID), and ultraviolet photo-

dissociation (UVPD) mass spectrometry as well as ultrafast
transient absorption (TA) spectroscopy, respectively. Density
functional theory (DFT) as well as CASSCF-NEVPT2
calculations served to understand the experimental results.
Subsequently, design criteria for optimized redox- and
photoactive d>- and d*-vanadium(III/II) complexes will be
derived.

B RESULTS AND DISCUSSION

Synthesis and Characterization of cisfac-[V(dgpy),l[OTf];
and cisfac-[V(dgpy),1[OTf],

The ligand dgpy was obtained from 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine and 2,6-dibromopyridine accord-
ing to a literature procedure,”’ separated from the KBr
byproduct via extraction with benzene and carefully dried to
avoid protonation of the basic guanidine sites (Figure S1),
which would hamper complex formation. Vanadium(III)
triflate has been prepared before from VCl; and HOTY,® but
a more convenient procedure has been developed starting from
VCl; and trimethylsilyl trifluoromethanesulfonate (TMSOTY)
in CH;CN in the present study (Figures S2—S4). The absence
of chloride and residual CH;CN in the green product V(OTf),
was carefully checked by reaction with AgPF, (no formation of
AgCl observed) and IR spectroscopy (absence of C=N and
C—H vibrational bands, Figure S3), respectively.
Coordination of two equivalents dgpy to vanadium(III)
triflate at room temperature in dry THF and recrystallization
gave cisfac-[V(dgpy),][OTf]; as orange crystals in 20% yield
(Scheme 1 and Figures SS and S6). Reduction of cisfac-
[V(dgpy),][OTf]; with KC¢"® yielded cisfac-[V(dgpy),]-
[OTf], as black needles (CH;CN solvate) in 33% vyield
(Figures S7 and S8). The cisfac configuration of both
complexes was confirmed by SC-XRD analyses (Figures 1
and S9 and Table S1). The V-N bond lengths in the d*-
vanadium(II) complex [V(dgpy),]** are very similar to

Scheme 1. Syntheses of cisfac-[V(dgpy),][OTf]; and cisfac-
[V(dgpy).][OTf],

V(OTf)3
+

)

N N THF, 3 h, 293 K

cisfac-[V(dgpy).][OTf];

+ KCg

“KOTf,8C | CHsCN, 4h, 293K

cisfac-[V(dgpy).][OTf],
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Figure 1. Molecular structures of the cations of (a) cisfac-
[V(dgpy),][OTf]; and (b) cisfac-[V(dgpy),][OTf],xCH,CN de-
termined by SC-XRD with thermal ellipsoids set to 50% probability.
Hydrogen atoms, counterions, and solvent molecules are omitted.
The rings of the different dgpy ligands are colored pale blue and pale
yellow, respectively.

2.142(5)—2.190(5) A, irrespective of the type of the N donor.
In the d*-vanadium(IIT) complex [V(dgpy),]**, the V=N, idine
bond lengths (2.109(3)/2.113(3) A) are slightly longer than
the V=Nynigine bond lengths (2.068(3)—2.093(3) A). The
small bond expansion of <0.1 A from vanadium(III) to
vanadium(II) agrees with the lower charge and the population
of essentially non-bonding d, orbitals of vanadium(II). The
cisfac coordination mode of the dgpy ligands modifies the N—
V—N angles, so that significant deviations from 90/180° result
([v(dgpy),)**: 81-95°/175°% [V(dgpy),)**: 77—96°/162—
175°% Table S1). Interestingly, the cisfac isomer was also
obtained as kinetic product for vanadium(II) and the ddpd
ligand, while the mer isomer was obtained at higher
temperature.'" The dgpy li%and coordinates to manganese(II)
ions in both configurations,” while other 3d metal ions appear
to preferably form the mer isomers with dgpy.*’™>* Thermal
instability of dgpy precluded higher temperature during the
synthesis to possibly form the mer isomer in the present case.
Bond lengths and angles of both vanadium complexes are well
reproduced by density functional theory (DFT) calculations
(B3LYP, TZVPP, ZORA, CPCM (acetonitrile), D3BJ) (Table
S1 and Figure S9). In addition, the experimental and calculated
vibrational frequencies of the complex cations agree reasonably
as well (Figures SS and S7), suggesting that the bonding
characteristics of the T, and ‘A, ground states of the
vanadium(IIT) and vanadium(II) complexes (see Figure S9 for
spin densities) are sufficiently well described by the employed
DFT method.

Redox Chemistry of cisfac-[V(dgpy),][OTfl; and
cisfac-[V(dgpy),l[OTfl,

As expected from the successful isolation of the complexes in
both oxidation states and the retained coordination sphere, the
vanadium(III/II) redox couple at E;, = —1.26 V versus
ferrocene is fully reversible in the cyclic voltammograms of
cisfac-[V(dgpy),][OTf]; and cisfac-[V(dgpy),][OTf], in
CH,CN (Figures 2 and S10 and S11). In addition, a reversible
wave is observed at E;,, = +0.70 V. According to a DFT
calculation on the d' complex cisfac-[V(dgpy),]*', this wave is
assigned to the vanadium(IV/III) couple (Figures 2 and S12
and Table S1). Ligand reduction is expected at very negative
potentials and indeed lies outside our electrochemical window
of CH;CN.

Reductive spectroelectrochemistry of cisfac-[V(dgpy),]-
[OTf]; in CH;CN confirms the full chemical reversibility of

pubs.acs.org/IC
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Figure 2. Cyclic voltammograms of cisfac-[V(dgpy),][OTf]; in
CH,;CN/[n-Bu,N][PF(]. Potentials given versus the ferrocenium/
ferrocene couple.

the cisfac-[V(dgpy),]**/** couple showing an isosbestic point
at 478 nm on longer time scales (Figure S13). Oxidative
spectroelectrochemistry of cisfac-[V(dgpy),][OTf]; gave new
absorption bands at 439 and 569 nm, but this process was only
partially reversible on this time scale (Figure S14). It is
conceivable that adventitious water in the spectroelectrochem-
ical cell protonates and substitutes one of the basic guanidines,
finally giving an oxido vanadium(IV) complex.”"”

The fully reversible vanadium(III/II) redox chemistry in the
condensed phase prompted us to investigate the redox
chemistry and the stabilities in the gas phase as well,
complementing previous gas-phase studies of dgpy chromium-
(I11) and manganese(IV/III) complexes.””*" Electron transfer
dissociation (ETD, Figure S1S5 and Table S2), collision-
induced dissociation (CID, Figures 3a,d and S16 and Table
S3), and ultraviolet photodissociation (UVPD, 220—400 nm,
Figures 3b,c,e and S17 and S18) mass spectrometry experi-
ments were conducted using vanadium(III) and vanadium(II)
complex cations and their clusters with triflate counterions (see
Supporting Information for a detailed discussion). In the CID
experiments, dgpy ligand substitution by a triflate counterion
prevails as major fragmentation channel both for vanadium-
(1II) and vanadium(II) ions (Figure 3a,d). Interestingly, the
cluster ion {[V(dgpy),][OTf]}** dissociates a triflate counter-
ion (major path, Figure 3b) or a dgpy®* radical cation (minor
path, Figure 3be) giving [V(dgpy),]*" and {[V(dgpy)]-
[OTf]}*, respectively. In the UVPD experiments, the
vanadium complexes and clusters deliver no or only relatively
weak fragment ion intensities, respectively, suggesting a high
photostability even in the UV spectral range. Under excitation
with UV—C light, most pathways require more than one
photon (multiphoton processes, Figure S18). Dissociation of a
bidentate bpy ligand from [Ru(bpy);]*>" has been suggested to
require two photons®>® and a similar situation might be
encountered here for the loss of the chelate ligand dgpy from
metal centers.’* While the monocationic ion clusters {[V-
(dgpy),][OTf]}* and {[V(dgpy),][OTf],}* display identical
CID/UVPD fragmentation patterns, the dicationic ion cluster
{[V(dgpy),][OTf]}** dissociates a triflate anion giving
[V(dgpy),]*" under CID conditions but yields the dication
[V(dgpy),]** under UVPD conditions (Figure 3b,c,e). The
latter charge-transfer dissociation of the ion pair is induced by
a single 265 nm photon (Figure S18). The electron affinity of
the free OTf radical is estimated to be about S5 eV’’

https://doi.org/10.1021/acs.inorgchem.6c00836
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Figure 3. Normalized mass spectra (CID fragmentation, black) of (a) [V(dgpy),]**, (b) {[V(dgpy),][OT£]}*, (c) {[V(dgpy),][OTf],}", (d)
[V(dgpy),]**, and (e) {[V(dgpy),][OTf]}" in CH;CN. Normalized mass spectra (UVPD fragmentation, red) at 250 nm excitation of (b)
{[V(dgpy),][OT£]}**, (c) {[V(dgpy),][OTf],}* (weak ion intensity as a major channel is below the detection window, i.e,, m/z <50), and (e)
{[v(dgpy),][OTf]}* in CH;CN. Complete assignments can be found in Table S3.

corresponding to a ca. 250 nm photon. Obviously, charge
transfer from very high-energy states is possible within a
contact ion pair, highlighting the stability of the [V-
(dgpy),]**/** redox couple (Figure 2). The overall photo-
stability of the complexes in both oxidation states is very high
even under UV light excitation and absence of a solvent bath
for energy dissipation.

Optical Spectroscopy of cisfac-[V(dgpy),][OTf]; and
cisfac-[V(dgpy),l[OTfl,

Figure 4 depicts the optical absorption spectra of the two
vanadium complexes in CH;CN. Beyond the intense ligand-
centered and charge-transfer absorption bands in the UV
spectral region that can lead to (multiphoton) photo-
dissociation or electron transfer (in the gas phase, see
above), the comparably high intensities of the absorption
bands in the visible spectral region suggest that spin- and
symmetry-allowed charge transfer transitions superimpose the
in principle Laporte-forbidden® ligand field transitions of the
d* and d* complexes (in the pseudooctahedral local [VN;]
symmetry). All of these low-energy excited states are
photostable (in the gas phase, see above).

The ligand field transitions of [V(dgpy),]** are calculated
by TD-DFT at 443, 413, and 404 nm (values shifted to higher
energy by 883 cm™') with weak intensities, while the intense
absorption band at 434 nm (& = 4400 M~ cm™) is largely
composed of two allowed LMCT transitions calculated at 434
and 421 nm (Figures 4a and S19 and Table S4). The lowest-
energy SLMCT state (434 nm, 23,040 cm™’; energy of
Franck—Condon (FC) state) is best described by electron
density loss from the dgpy ligand (guanidine py orbitals and
small contributions of the pyridine 7 orbital) and electron
density gain of the vanadium center (Figure 4a and Table S4).
The splitting of the orbitally degenerate *T; ground state (in
octahedral symmetry) is calculated by DFT as 5017 and 5962
cm™, respectively (Table S4).

The ligand field transitions of [V(dgpy),]*" are calculated at
484, 479, and 466 nm with weak intensities, while the entire
visible spectral region is dominated by intense MLCT
absorption bands at 736 (¢ = 1000 M~ cm™) and 571 nm
(e = 1000 M™' cm™) with calculated transitions at 748, 736,
671, 628, 593, 588, 535, S12, 457, 443, and 409 nm,
respectively (values shifted to higher energy by 1023 cm™)
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Figure 4. UV/vis/NIR absorption spectra (black) of (a) cisfac-
[V(dgpy),][OTf]; and (b) cisfac-[V(dgpy),][OTf], in CH,;CN with
TD-DFT-calculated oscillator strengths shown as vertical bars color-
coded according to a charge-transfer number analysis (MC = red, LC
= dark/light green (py/ guanidine), MLCT = dark/light blue (V>
py/ guanidine), LMCT = dark/light orange (py/ guanidine — V),
ILCT = purple (guanidine—>py)). Calculated transitions are shifted to
higher energies in (a) and (b) by 883 and 1023 cm™, respectively, to
better match the experimental data. Electron density differences of the
indicated selected Franck—Condon (FC) states of optimized cisfac-
[V(dgpy),]™* show electron density gain (orange) and depletion
(purple) at an isosurface value of 0.003 au.
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Figure 5. fs-Transient absorption spectra of (a) [V(dgpy),][OTf]; and (c) [V(dgpy),][OTf], in CH;CN at 293 K after excitation at 435 and 740
nm, respectively. Corresponding evolution-associated difference spectra (EADS) of (b) [V(dgpy),][OTf]; and (d) [V(dgpy),][OTfl,
respectively. The spectral regions in the vicinity of the respective excitation wavelengths 435/740 nm as well as the spectral range between 900 and
1200 nm are cutoff as those regions are superimposed with the scattered light of the pump pulse or the remaining fundamental (1030 nm) in the

probe pulse, respectively.

(Figures 4b and S20 and Table S5). The calculated lowest-
energy *MLCT state (748 nm, 13,370 cm™} energy of FC
state) is best described by electron density loss from the
vanadium center and electron density gain of the pyridine
donors (Figure 4b and Table SS). Clearly, the dominant CT
character switches from LMCT to MLCT in the d* and &
dgpy vanadium complexes. Furthermore, the energy of the
*MLCT FC state of [V(dgpy),]** is much lower than that of
the ’LMCT FC state of [V(dgpy),]*". The energy orderings of
the FC states will also affect the excited state dynamics. Both
CT energies are only weakly dependent on solvent polarity
(CH,CN, CH,Cl,, DMSO; Figures S19b and S20b), so that
the excited-state dynamics was probed in CH;CN.

Excited-State Dynamics of cisfac-[V(dgpy),l[OTf]; and
cisfac-[V(dgpy),l[OTfl,

To obtain a clear picture of the excited-state dynamics of the
vanadium(III) and vanadium(II) complexes, possible pop-
ulation losses at early times after the excitation and the lifetime
of the SF states, fs-TA spectra of cisfac-[V(dgpy),][OTf]; and
cisfac-[V(dgpy),][OTf], were recorded in CH;CN with pump
pulses in the visible and probing in the UV to near-IR spectral
region from 350 to 1600 nm (Figure S).

fs-TA spectra obtained after excitation of cisfac-[V(dgpy),]-
[OTf], at 430 nm (mainly >LMCT) in CH;CN are displayed
in Figure Sa. Global analysis gave the evolution-associated
difference spectra (EADSs) shown in Figure Sb and the
associated time constants 7,53, = 300 fs, 1.4 ps, 69 ps, and 740
ps, respectively. The first spectra with dominant excited-state

absorption (ESA) bands above 600 nm correspond to a
population of (hot) ’LMCT(n) states which relax to the
lowest-energy *LMCT(1) state by internal conversion (IC)
and vibrational cooling (VC) with 7, = 300 fs (Figure 6a,b).
Subsequently, the electronic character changes significantly.
The newly formed species possess only a weak ESA around
600 nm and a strong one below 400 nm with 7, = 1.4 ps. We
assign this transition to intersystem crossing (ISC) and VC
from the *LMCT(1) state to high-energy singlet ligand field
states 'MC’ (Figure 6ab). IC and VC within the singlet
manifold to the lowest-energy spin-flip 'MC states occur
without strong changes of the ESA bands within 73 = 69 ps
(Figure 6a,b). The finally populated lowest-energy SF state has
a lifetime of 740 ps (Figure 6a,b). This lifetime is too short to
allow for SF luminescence, which is formally spin- and
Laporte-forbidden®® and hence the radiative rate constant
should be small. Clearly, this lowest-energy SF state decays
efficiently via nonradiative pathways.
CASSCF(6,12)-NEVPT2 calculations of the pure ligand
field states of [V(dgpy),]*" delivered the lowest-energy 'MC
("E/'T,) FC states at 9554 cm™" and the ground-state splitting
as 2308 and 3655 cm™!, respectively (Figure S21 and Tables
S6 and S7). Hence, an extremely small energy gap of Ugp =
5900 cm ™ to the highest level of the split ground state results,
so that the energy gap law™”™* provides an efficient decay
pathway (Figure 6a). In addition, nested, ie., undistorted,
excited states (weak coupling limit), as found for the lowest-
energy singlet states according to unrestricted and restricted
DFT optimizations (Figure S22 and Table S10), have been
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Figure 6. Kinetic models for the excited-state dynamics of (a) [V(dgpy),][OTf]; and (c) [V(dgpy),][OTf],. Time constants from the fs-TA
experiments in CH3;CN at 293 K. Energies of states beyond the FC states are arbitrarily set with some information from the quantum chemical
calculations. The splitting of the *T; ground state and the energies of the metal-centered singlet states '"MC of [V(dgpy),]** are indicated by
orange dashed and gray/black lines as obtained from CASSCF(6,12)-NEVPT2 calculations at the DFT-optimized ground-state geometry. The
(hypothetical) pure “MLCT and *MC states of [V(dgpy),]** are depicted in light gray for illustration purposes. Panels (b) and (d) illustrate the
schematic orbital populations of the respective states ("MC = 'T,/'E; "MC = °T,/’E).

shown to decay via an IRM of nonradiative transitions, which
involve high-energy oscillators close to the metal center (eqgs 1,
2).">** The nonradiative rate constant depends on the energy-
donor—acceptor distance d with d~¢, an orientation factor «,
and the Forster-type spectral overlap integral SOI (egs 1,
2).%* C—H stretching vibrations have been identified as
deactivating modes for the respective [Cr(dgpy),]** complex
with the 0 — 4 vibrational overtone of the dgpy methylene
groups Ucy' ~11,000 cm™' being resonant with the
experimental SF emission energy of the chromium(III)
complex.”” In the present vanadium case, the 0 — 2 vibrational
overtone of the methylene groups vcy® & 5700 cm™ is almost
resonant with the calculated smallest energy gap gz = 5900
cm™'. The much larger extinction coefficients &, of lower
overtones and hence a much larger SOI (eq 2), as compared to
the chromium(III) case with an orbitally nondegenerate
ground state,”’ provide another efficient nonradiative decay
pathway via IRM.

k,, o« xk*d %SOl (1)

12276

SOl = / Lo (D) e, (9)0*dD0 )

The most decisive factor appears to be the very large
ground-state splitting of the d” ion. This ground-state splitting
is already reflected in the splitting of the “t,,” orbitals with one
d orbital being ca. 3140 cm™' above the other two d orbitals
(Table S6), which certainly arises from the different 7z-bonding
capabilities of the pyridine and guanidine donors of the dgpy
ligand. Consequently, vanadium(III) complexes with similar
ligand donor types and hence a smaller splitting of the ground
state, eg, [V(ddpd),]**, are better candidates for SF
emitters.”'°

Figure Sc shows the fs-TA spectra recorded after excitation
of cisfac-[V(dgpy),][OTf], at 740 nm (mainly *MLCT states)
in CH;CN. Global analysis gave the EADSs shown in Figure
5d and the associated time constants 7, ,; = 220 fs, 1.3 ps, and
34 ps, respectively. The first spectra with dominant ESA bands
above 800 nm correspond to populated *MLCT states.
Ground-state bleach (GSB) appears around 570 and 735 nm
with the former being superimposed by ESA bands.
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Interestingly, the overall pattern of the TA spectra and the
EADSs remain comparably constant. This suggests that the
electronic character does not fundamentally change and hence
some MLCT character is retained during ISC/VC to the
*MLCT/*MC manifold (z; = 220 fs) and IC/VC (z, = 1.3 ps)
processes within the doublet-state manifold (Figure 6¢c,d). The
lifetime of 7; = 34 ps of the finally populated doublet state is
very short (Figure 6¢,d). The prototypic pyridine vanadium-
(1) complexes [V(bpy);]** and [V(phen);]** possess very
small doublet excited-state energies due to “MLCT admixture
to the SF states.”® A similar situation is encountered here.
Already the *MLCT states are found at quite low energy with
absorption bands tailing above 900 nm (Figure 4b). Hence,
corresponding *MLCT states will be located at even lower
energy and can easily mix with the lowest-energy doublet SF
states (*MCIPMLCT) leading to very low mixed doublet-state
energies (Figure 6c,d). The energy of the lowest-energy pure
SF state (*E/°T;) without CT mixing was calculated by
CASSCF(7,12)-NEVPT?2 calculations at around 11,700 cm™
(855 nm) (Figure S21 and Tables S8 and S9). The *MLCT
states are estimated to be lower in energy than the pure SF
states and MLCT character will contribute to the lowest
energy doublet state (Figure 6c,d). Indeed, the DFT-calculated
lowest-energy doublet state with a very low energy of ca. 5930
cm™' possesses some MLCT character with spin density
located at one pyridine donor (Figure S22 and Table S10).
The MLCT character induces a V—N,,..4ine bond contraction
of the reduced pyridine from 2.168 to 2.072 A. This lowest-
energy excited state efficiently decays nonradiatively as
predicted by the energy gap law for distorted excited states
(strong coupling limit).>*~** In addition, the lowest energy
*MLCT state might resonate with the 0 — 2 vibrational
overtone vcy® ~5700 cm™ of the dgpy methylene groups.®
These combined nonradiative decay pathways dominate the
excited-state decay of cisfac-[V(dgpy),]*" resulting in the small
excited-state lifetime 7; = 34 ps.

The subnanosecond excited-state lifetimes of cisfac-[V-
(dgpy),]** and cisfac-[V(dgpy),]** do not favor spin-flip
phosphorescence. Indeed, both vanadium complexes are
nonemissive at 293 and 77 K, when excited into the respective
lowest-energy absorption bands. The different donor proper-
ties provided by the dgpy ligands lead to a large ground-state
splitting and hence a small energy gap to the lowest excited
state in the d* complex and to low-energy MLCT states in the
d® complex. Hence, future ligand design should consider
uniform donors around vanadium(III) to reduce the ground-
state splitting and less electron-accepting ligands to increase
the energy of MLCT states in vanadium(II) complexes.

B SUMMARY AND CONCLUSIONS
The mixed-donor guanidine/pyridine ligand dgpy stabilizes

vanadium in the oxidation states +II and +III in the pseudo-
octahedral complexes cisfac-[V(dgpy),]*/**. In the gas phase,
both complexes are highly UV/vis photostable requiring even
more than one UV photon for photodissociation. In the dgpy
vanadium(III) —triflate ion pair {[V(dgpy),][OTf]}*", charge
transfer from the triflate counterion to the vanadium(III)
complex is induced by a single UV photon giving the
vanadium(II) complex. In CH;CN solution, the vanadium-
(IT1/1I) redox process is fully reversible as well on the cyclic
voltammetry, spectroelectrochemistry, and chemical time
scales. Excitation to the charge transfer absorption bands

populates the lowest energy excited states after ultrafast
intersystem crossing and vibrational relaxation. However, the
lifetimes of the final excited states are on the subnanosecond
time scale. Ground-state splitting and strong mixing with
MLCT states strongly reduce the energy gap for the d’-
vanadium(III) and d*-vanadium(II) complexes, respectively. In
both cases, the low energy of the respective excited states
favors nonradiative decay (energy gap law, inductive-resonant
mechanism of nonradiative transitions) preventing lumines-
cence. Hence, future ligand design should consider the
stabilization of the different vanadium oxidation states, the
overall complex symmetry (ground state splitting for d?), the
reduction of MLCT mixing (d*), and the presence/absence of
nearby X—H oscillators.

B EXPERIMENTAL SECTION

General Procedures

The ligand dgpy was synthesized according to a modified literature
procedure.”” All reagents were used as received from commercial
suppliers (abcr, Acros Organics, Alfa Aesar, Thermo Fisher Scientific,
Sigma-Aldrich, and TCI). Dry benzene was received from Sigma-
Aldrich and used without further purification. VCl; (anhydrous, 95%)
and KC; (anhydrous, 99.8%) were obtained from abcr. Solvents were
dried by refluxing over sodium (diethyl ether) or calcium hydride
(CH4CN), followed by distillation. [n-Bu,N][PF¢] (>99% for
electrochemical analysis, Sigma-Aldrich) for electrochemical experi-
ments was dried at 80 °C with reduced pressure (107 mbar) for 3
days and stored under argon. Syntheses and handling of air-sensitive
compounds were either conducted using Schlenk techniques or a
glovebox (UniLab/Mbraun—Ar 5.0; O, <0.1 ppm; H,0 <0.1 ppm).

NMR spectra were recorded on a Bruker Avance II 400
spectrometer at 400.13 MHz (*H) and 100 MHz (**C). Resonances
for 'H and *C{"H} were reported in ppm versus the solvent signal as
an internal standard [dg-THF ('H: § = 3.58 ppm), (®C{'H}: § =
25.31 ppm)].59 (s) = singlet, (t) = triplet, (m) = multiplet.

IR spectra of air-sensitive samples ([V(dgpy),][OTf],, V(OTf),,
and V(CH,CN),(OTf),) were recorded with an Agilent Cary 630
FTIR spectrometer with a diamond ATR sampling accessory inside an
argon-filled glovebox. The IR spectrum of [V(dgpy),][OTf]; was
recorded with a Bruker Alpha IT FTIR spectrometer equipped with an
ATR unit containing a diamond crystal. Intensities were qualitatively
indicated with sh (shoulder), weak (w), medium (m), and strong (s).

Raman spectra were measured on a Nicolet 5700 FT-IR
spectrometer combined with a NXR 9650 FT-Raman Module
equipped with a 1064 nm laser (laser power 20—1500 mW;
resolution 2 cm™; number of scans 1024—4098), a Microstage
microscope, and a NXR Genie Ge-detector using single crystals or
crystalline powders in glass capillaries under inert gas. The intensities
are qualitatively indicated with weak (w), medium (m), and strong
(s). [V(dgpy),][OTf], was measured under continuous nitrogen
cooling with a temperature of ca. 100 K due to light absorption of the
sample (1064 nm) and subsequent heating of the sample.

Electrochemical experiments were carried out on a BioLogic SP-
200 voltammetric analyzer. The measurements were performed in a
glovebox, using dry CH;CN as the solvent. The working and counter
electrodes consisted of platinum wire and 10 mM Ag/AgNO, (100
mM [#-Bu,N][ClO,] in CH;CN) was used as the reference
electrode. 100 mM [n-Bu,N][PF] as supporting electrolyte and 1
mM of the sample were used. Cyclic voltammetry experiments were
carried out at scan rates of 50—400 mV s~'. Potentials were
referenced relative to the ferrocenium/ferrocene couple.

UV/vis/NIR spectroelectrochemical experiments were per-
formed using a TSC 1600 Spectro cell from rhd instruments
equipped with a platinum net working electrode (approximate path
length 0.43 mm), a glassy carbon counter electrode, a silver wire as a
pseudo reference electrode, a potentiostat Autolab IMP from
Metrohm, and a J&M TIDAS S MMS UV/vis/NIR spectrometer
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with a Hamamatsu L10290 as an excitation source. Sample and cell
preparation were done inside the glovebox, while the measurement
was performed outside the glovebox.

ESI" mass spectra were measured on an Agilent 6545 QTOF-MS
spectrometer in CH,;CN.

ESI" mass spectra for ETD and CID experiments were recorded
using a Bruker amZon ETD 3D Paul trap mass spectrometer, which is
operated at room temperature. The sample solution of [V(dgpy),]-
[OTf]; was prepared in dry and degassed CH;CN with concen-
trations of 107 to 10™° M. The sample solution was continuously
infused into the spray chamber using a syringe pump. Nitrogen was
used as nebulizer gas and dry gas. The mass spectrometer is equipped
with a negative chemical ionization (nCI) module to allow for
electron transfer dissociation/reduction (ETD/ETR) experiments.
Fluoranthene radical anions are prepared via chemical ionization.
These are transferred into the ion trap where they can interact/react
with the stored ions. For ETD experiments, the target ion was isolated
and stored in the ion trap for 300 ms to allow for enough time for the
electron transfer reaction. Collision-induced dissociation (CID) is
used to induce fragmentation in a chosen precursor ion. Ions are
stored in the 3D Paul trap (ion trap) of the mass spectrometer by a
combination of DC voltage and radio frequency (RF). The trapped
ions are accelerated by increasing the RF amplitude. Repeated
collisions with the helium buffer gas transfer kinetic energy from the
collisions into rotational—vibrational degrees of freedom. Internal
vibrational redistribution leads to heating up of the stored ion and
subsequently to fragmentation of the weakest bond.*>®' The full
isotopic pattern of the respective vanadium species was isolated prior
to CID experiments. CID breakdown curves are recorded by
increasing the excitation amplitude (Ej,5) from 0 to 3 V in 0.02 V
steps. At each excitation amplitude, mass spectra were recorded for
300 ms. At each step, mass spectra were recorded for a total of 18 s
and averaged afterward. Relative signal intensities are calculated
according to eq 3, with I}, being the absolute intensity of the

respective parent ion, and Ij;‘s the absolute fragment intensities.

P Z,‘ Iﬁ)s(E LAB)
IreI(ELAB) = F, 2
Zi Iabs(ELAB) + Zi Iabs(ELAB) (3)
The instrument specific voltage applied as excitation amplitude, i.e.,

E; Ap, was corrected in two steps to consider the different masses and
different charge states z of the investigated ions.”?

Mye

Ecom = Epap X —————
Myye + Mion (4)

Ecom, = Ecom X 2 (5)

The obtained intensities were fitted with a sigmoidal function (eq
6). The obtained E{n, value is where half of the parent ions are
fragmented and it can be used as a qualitative measure for the relative
stabilities of ions of chemically similar structures.>~%*

A

1+ e*B(EcoMz*E(S;%‘};/[z) (6)

P
Ie(Ecom,) =

The parameter A describes the fitted intensity of the parent ion, and
the exponent is the slope of the sigmoidal curve.

UV photodissociation measurements were conducted using a
modified Paul trap mass spectrometer (AmaZon Speed, Bruker
Daltonics® ™), which allows the admittance of laser radiation into
the ion trap. A UV/vis OPO laser system (EKSPLA NT 242°%) was
used to record the photon-induced fragmentation. The UV photo-
dissociation (UVPD) spectra were obtained by trapping the isolated
target ion for 150 ms, and laser pulses were directed through the trap
overlapping with the ion cloud. The wavelength A was varied stepwise
with 2 nm per step from 220 to 400 nm. At each step, the energy of
the laser pulses was set to E,,, = 1 pJ with a statistical error of 3% at
each data point. Mass spectra were recorded for 1 min and total
fragment yields Y, were calculated in dependency of the wavelength
A according to eq 7.

pubs.acs.org/IC
% L) A
Ytotal(ﬂ) = E P X
Zi Ia];s(j') + Z,‘ Iabs()') hCEpuIse (7)
With —* normalizing the spectrum with regard to photon flux and
Epulse

pulse energy. The resulting total fragment yields for each point were
averaged, and the corresponding standard deviations were used to
calculate the error shown in Figures S17 and S18. Additionally, static
measurements at 4 = 265 and 320 nm were conducted as a function of
pulse energy. The data at 265 nm is taken for 0.25—2.5 uJ pulse™ in
steps of 0.25 uJ pulse™. The data is plotted in a double logarithmic
fashion and fit with an allometric function y = ax’ (Figure S18). The
fitting parameter b gives an indication of the numbers of photons
required to induce fragmentation. Processes with b ~1 are named
single-photon processes, while all processes with b significantly larger
than one are multiphoton processes.”’® The data at 320 nm shows
the same qualitative behavior but a lower signal-to-noise due to the
lower fragmentation yield.

The elemental analyses of air-stable [V(dgpy),][OTf]; and air-
sensitive [V(dgpy),][OTf], as well as dgpy were conducted by the
microanalytical laboratory of the department of chemistry of the
University of Mainz using an Elementar vario EL Cube and by the
Mikroanalytisches Labor Kolbe, ¢/o Fraunhofer Institut UMSICHT,
Oberhausen, Germany, respectively.

UV/vis/NIR absorption spectra were recorded with an Agilent
Cary 5000 UV/vis/NIR spectrophotometer using 1.00 cm quartz cells
equipped with a Schott valve to maintain an inert atmosphere.

Luminescence spectra were recorded with an FLS1000
spectrometer from Edinburgh Instruments equipped with the cooled
photomultiplier detectors PMT-980 and N-G09 PMT-1700, together
covering the spectral range between 200 and 1700 nm. For excitation,
a xenon arc lamp Xe2 (450 W) was used.

fs-Transient absorption experiments were conducted using a
Helios pump—probe setup from Ultrafast Systems paired with a
regeneratively amplified 1030 nm laser (Pharos, Light Conversion,
1030 nm, <190 fs, 2 mJ). The effective laser repetition rate of 2 kHz
was set via an internal pulse picker. A small portion of the 1030 nm
fundamental was directed to the optical delay line and was
subsequently used to generate broadband probe light by focusing
the beam onto a sapphire for measurements in the vis/NIR range
(450—900 nm). In the UV/vis spectral range (330—5S00 nm), the
second harmonic was focused onto a second sapphire instead of the
fundamental. In the NIR spectral region (1150—1600 nm), a YAG
crystal was employed for the supercontinuum generation. The pump
pulse was generated with an optical parametric amplifier (Apollo Y,
Ultrafast Systems). The sample solutions were measured in a 1 mm
quartz cuvette. To generate spectra that cover the entire spectral
region from 350 to 1600 nm, the UV/vis and vis/NIR parts of the
transient absorption spectra were recorded separately under identical
conditions and were combined using the overlap of both data sets in
the visible region (475—525 nm). The TA data in the NIR spectral
region were also collected under identical conditions but were added
unscaled to the combined TA spectra. Preprocessing of the data,
including chirp and baseline correction, was performed using the
Surface Xplorer 4.3.0 software from Ultrafast Systems. The open-
source Python based data analysis tool KiMoPack 7.4.9 was employed
for global analysis of the TA data.”"

Intensity data for crystal structure determination of [V(dgpy),]-
[OTf]; and [V(dgpy),][OTf],Xx CH;CN were collected with a STOE
IPDS-2T or a STOE STADIVARI diffractometer from STOE & CIE
GmbH with an Oxford cooling using Mo Ka radiation (4 = 0.71073
A). The diffraction frames were integrated using the STOE X-Area””
software package and were corrected for absorption with STOE X-
Red32 by Gaussian integration.”> The structures were solved with
SHELXT’* and refined by the full-matrix method based on F* usin
SHELXL” of the SHELX'® software package and the ShelXle’
graphical interface. All non-hydrogen atoms were refined anisotropi-
cally, while the positions of all hydrogen atoms were generated with
appropriate geometric constraints and allowed to ride on their
respective parent atoms with fixed isotropic thermal parameters.
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Crystallographic data for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-2513687—-2513688.

Crystallographic Data of [V(dgpy),l[OTfl;

CyHy,FoN |, 0,8,V (1205.10); triclinic; P1, a = 12.831(3) A, b =
12.995(3) A, ¢ = 17.196(3) A, a = 86.59(3)°, B = 70.16(3)°, vy =
64.00(3)°; V = 2410.4(11) A3, Z = 2; density (calculated) = 1.660 g
em™3; T = 120(2) K; g = 0.442 mm™"; F(000) = 1244; crystal size
0.350 X 0.193 X 0.070 mm%; @ = 1.266° to 32.903% —17 < h < 19,
—19 <k <19, =23 <1< 25; tfln collected = 56,550; rfln unique =
15,493 [R(int) = 0.0418]; completeness to 6 = 25.242° = 99.9%;
absorption correction from integration; max. and min transmission
0.971 and 0.857; data 15,493; restraints 1436; parameters 988;
goodness-of-fit on F* = 1.108; final indices [I >26(I)] R, = 0.0916,
wR, = 0.2822; R indices (all data) R, = 0.1171, wR, = 0.2934; largest
diff. peak and hole 3.809 and —2.295 e A™3. The disorder of two
triflate anions was described with a split atom model describing three
split positions for each anion, requiring same, simu, and isor restraints.

Crystallographic Data of [V(dgpy),l[OTfl,xCH;CN

C,H,,FeN 5048,V (1097.08); monoclinic; P2,/n, a = 23.983(5) A, b
=9.0641(18) A, c =24.043(5) A, p = 118.23(3)°%; V=4605 (2) A3,
= 4; density (calculated) = 1.582 g cm™3; T = 120(2) K; u = 0.398
mm™; F(000) = 2284; crystal size 0.700 X 0.061 X 0.043 mm?; 6§ =
2.445° t0 27.499°% —31 < h < 31, —11 < k < 11, =30 < I < 31; rfln
collected = 27,487; tfln unique = 10,566 [R(int) = 0.1328];
completeness to 6 = 25242° = 99.8%; semiempirical absorption
correction from integrations; max. and min transmission 0.987 and
0.567; data 10,566; restraints 84; parameters 678; goodness-of-fit on
F* = 1.150; final indices [I >26(I)] R, = 0.1153, wR, = 0.1863; R
indices (all data) R; = 0.2363, wR, = 0.2444; largest diff. peak and
hole 0.560 and —0.577 e A7%. The backbone of one guanidine moiety
is disordered over two positions, which was modeled by using rigu and
simu restraints.

Density functional theory (DFT) and CASSCF-NEVPT2
calculations were performed using the quantum computing suite
ORCA 5.04.”%7° All calculations were computed on the Elwetritsch
supercomputer at Rheinland-Pfilzische Technische Universitat
Kaiserslautern-Landau (RPTU) (hpc.rzrptude). This is a member
of the AHRP (Alliance for High Performance Computing Rhineland-
Palatinate). Geometry optimizations were performed without
symmetry constraints using Kohn—Sham orbitals DFT and the
B3LYP functional®*™® in combination with the ZORA-def2-TZVPP
basis as recontracted Ahlrich’s basis set def2-TZVPP*' with the
auxiliary basis SARC/]SS_87 as decontracted def2/j88 basis up to Kr to
use the zeroth-order regular approximation to describe relativistic
effects in all calculations (keyword ZORA).**° Tight convergence
criteria were chosen for (TD-)DFT calculations (keywords tightscf
and tightopt). All DFT calculations make use of the resolution of
identity (Split-RI-J) approach for the Coulomb term in combination
with the chain-of-spheres approximation for the exchange term
(keyword RIJCOSX).”'™®* To account for solvent effects, a
conductor-like screening model (keyword CPCM (acetonitrile))
modeling acetonitrile was used in all calculations.”>”® Atom-pairwise
dispersion correction was performed with the Becke-Johnson damping
scheme (keyword D3BJ).”””® The spin states and multiplicities of the
cations in their electronic ground states are as follows: d'-
[V(dgpy),]* (S = 1/2, M = 2), &*-[V(dgpy),]*" (S =1, M = 3),
and d*-[V(dgpy),]** (S = 3/2, M = 4). The SF states were optimized
for d*[V(dgpy),]*" (S = 0, M = 1; both using restricted and
unrestricted DFT) and d*-[V(dgpy),]** (S = 1/2, M = 2),
respectively. A numerical frequency calculation confirmed that the
optimized geometry corresponds to a minimum structure. Explicit
counterions and/or solvent molecules were not taken into account.
Fifty spin-allowed transitions were calculated by TD-DFT. The
assignment of the state characters has been done dividing the
molecule into three fragments (metal center, two pyridine, and four
guanidine moieties) and calculating charge transfer (CT) numbers
with TheoDORE.”'?°

CASSCF(6,12)-SC-NEVPT2 calculations on [V(dgpy),]** were
performed with the ZORA-def2-TZVPP basis as recontracted
Ahlrich’s basis set def2-TZVPP®*® in combination with the automati-
cally generated auxiliary basis (keyword AutoAux).'®' The zeroth-
order regular approximation was used to describe relativistic effects in
all calculations (keyword ZORA).***° The calculations were
performed state averaged with ten triplet and 12 singlet roots,
respectively. From CASSCF(2,5) calculations, the o-bonding counter-
parts (eg) to the metal-centered e * orbitals (in idealized O,
symmetry) were identified by orbital inspection together with a
second d shell (keyword ExtOrbs doubleshell). Ten triplet and 12
singlet roots were used to encompass all low energy metal-centered
transitions (Table S7). The final CASSCF(6,12) calculations were
performed in conjunction with the strongly contracted N-electron
valence perturbation theory to second order (keyword PTMethod
SC_NEVPT2) in order to recover the missing dynamic correla-
tion.'>7% To account for solvent effects, a conductor-like screening
model (keyword CPCM (acetonitrile)) modeling acetonitrile was
used in all calculations.”>*®

CASSCF(7,12)-SC-NEVPT2 calculations on [V(dgpy),]** were
performed with the ZORA-def2-TZVPP basis as recontracted
Ahlrich’s basis set def2-TZVPP*® in combination with the automati-
cally generated auxiliary basis (keyword AutoAux).'®' The zeroth-
order regular approximation was used to describe relativistic effects in
all calculations (keyword ZORA).***° The calculations were
performed state averaged with ten quartet and ten doublet roots,
respectively. From CASSCF(3,5) calculations, the o-bonding counter-
parts (eg) to the metal-centered e * orbitals (in idealized O,
symmetry) were identified by orbital inspection together with a
second d shell (keyword ExtOrbs doubleshell). Ten quartet and ten
doublet roots were used to encompass all low energy metal-centered
transitions (Table S9). The final CASSCF(7,12) calculations were
performed in conjunction with the strongly contracted N-electron
valence perturbation theory to second order (keyword PTMethod
SC_NEVPT2) in order to recover the missing dynamic correla-
tion.'®*7'%° To account for solvent effects, a conductor-like screening
model (keyword CPCM (acetonitrile)) modeling acetonitrile was
used in all calculations.”>*®

Synthesis of dgpy

The ligand dgpy was synthesized according to a literature procedure
from 2,6-dibromopyridine and 1,3,4,6,7,8-hexahydro-2H-pyrimido-
[1,2-a]pyrimidine using KO'Bu and Pd(OAc),/BINAP in toluene,"’
using Schlenk techniques and dry solvents to avoid protonation.> For
purification, the product dgpy was extracted from the beige crude
product containing KBr by Soxhlet extraction with dry benzene as the
most convenient method giving a colorless solid. '"H NMR (400 MHz,
dg-THF): §/ppm = 7.36—7.34 (m, 1H), 7.16—7.12 (m, 2H), 3.86—
3.83 (m, 4H), 3.32 (t, 3] = 6.4, H), 3.17 (t, 3] = 6.0 Hz, H), 3.11 (t, ¥J
= 6.5 Hz, 4H), 1.98—1.92 (m, 4H), 1.82—1.76 (m, 4H). BC{'H }
NMR (100 MHz, d¢-THF): §/ppm = 151.7 (s), 146.7 (s), 132.6 (s),
108.2 (s), 46.7 (d), 41.9 (s), 40.9 (s), 21.7 (s), 21.1 (s). Elemental
analysis: calcd (%) for C,sH,,N, (353.47 g mol™): C, 64.56; H, 7.70;
N, 27.74. Found (%): C, 64.57; H, 7.72; N, 27.69.

Synthesis of V(OTf);

VCl; (2.0 g, 12.7 mmol, 1.0 equiv) was suspended in acetonitrile (30
mL) and an excess of trimethylsilyl trifluoromethanesulfonate
(TMSOT() (50.0 g 225.0 mmol, 17.7 equiv) was added. The
mixture was heated under reflux for 7 days. After cooling to room
temperature, the dark-green solution was filtered. The solution was
concentrated to approximately 10 mL under reduced pressure,
resulting in the precipitation of a turquoise solid. The solid was
collected by filtration, washed with dry diethyl ether (3 X 15 mL), and
dried overnight under reduced pressure giving turquoise V-
(CH4CN),(OTf); (4.96 g). The absence of chloride ions in this
turquoise product was confirmed by a negative silver(I)chloride
precipitation with silver(I) hexafluorophosphate in dry acetonitrile.
To remove the coordinated CH;CN at the vanadium(III) center, a
portion of the turquoise product (138.9 mg) was heated to 150 °C
under reduced pressure overnight giving a pale-green solid (89.7 mg)
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that lacks vibrational bands of CH;CN in the IR spectrum. ESI* MS
(CH4CN): caled. for [CgHgFgN,04S,V]*" m/z = 430.9006, found: m/
z (%) = 430.9000 (100%); calcd. for [CgHoF{N;04S,V]" = 471.9272,
found: m/z = 471.9266 (5%). IR (ATR, turquoise V-
(CH,CN),(OTf); product): ¥ = 3010 (w, CH, CH;CN), 2946 (w,
CH), 2328 (m, CN, CH;CN), 2300 (m, CN, CH;CN), 1350 (s),
1237 (s), 1180 (s), 1154 (s), 964 (s), 768 (m), 628 (s), 604 (s), 570
(m), 535 (m), 511 (s), 416 (s) cm™". IR (ATR, pale-green V(OTf);
product): 7 = 1359 (m), 1323 (w, sh), 1210 (s), 1083 (m), 993 (s),
947 (sh), 777 (w), 628 (s), 606 (m), 578 (sh), 503 (m), 449 (m)
cm™L. UV/vis/NIR (CH,CN): 1 (&) = 488 (20), 611 nm (20 M!
cm’l).

Synthesis of cisfac-[V(dgpy),]1[OTf];

To avoid protonation of the strongly basic dgpy ligand under ambient
conditions, which would hamper the complexation of vanadium(III),
the complex synthesis was conducted in a glovebox. V(OTf); (100.1
mg, 0.20 mmol, 1.0 equiv) was dissolved in dry THF (S mL). This
solution was added to a solution of dgpy (148.3 mg, 0.42 mmol, 2.1
equiv) in dry THF (S mL). After stirring for 3 h at 298 K, a brown
precipitate formed. The solid was collected by filtration and washed
with THF (3 X 2 mL). The solid was dissolved in CH;CN (4 mL).
Dark-orange crystals of the [V(dgpy),][OTf]; were obtained by
diffusion of diethyl ether into the CH;CN solution after several days
(49.1 mg, 0.04 mmol, 20%). Crystals for SC-XRD analysis were
obtained by crystallization from CH;CN/Et,0O. Elemental analysis:
caled (%) for CyHgFoN ,04S,V (1205.08 g mol™'): C, 40.86; H,
4.52; N, 16.27. Found (%): C, 40.70; H, 4.86; N, 16.22. MS
(CH;CN/ESIY): caled for {[V(dgpy),][OTf],}": m/z = 1055.313,
found: m/z (%) = 1055.312 (92); caled for {[V(dgpy),][OT]}*": m/
z = 453.180, found: m/z (%) = 453.180 (100); calcd for
[V(dgpy),)**: m/z = 252.469, found: m/z (%) = 252.469 (46). IR
(ATR): ¥ = 3117 (w), 2951 (w), 2863 (w), 1567 (s), 1488 (w), 1461
(m), 1420 (m), 1376 (m), 1310 (m), 1259 (s, triflate), 1218 (m),
1204 (m), 1132 (s), 1055 (w), 1031 (w), 1026 (s, triflate), 949 (w),
916 (w), 880 (w), 851 (w), 794 (m), 751 (m), 732 (s), 725 (m), 633
(s), 612 (s), 571 (m, triflate), 565 (m), 514 (m, triflate), 434 (w), 408
(w) cm™". Raman: ¥ = 2947 (w), 1593 (w), 1489 (w), 1457 (w), 1416
(m), 1373 (w), 1309 (w), 1279 (w), 1231 (w), 1197 (w), 1106 (w),
1070 (w), 1030 (w), 1008 (m, triflate), 933 (w), 881 (w), 741 (m,
triflate), 665 (w), 556 (w), 523 (w), 442 (w) cm™'. UV/vis/NIR
(CH4CN): 4 (g) = 434 (4400), 348 (10700), 314 (14400), 250 nm
(30100 M~ em™). CV (CH;CN/[n-Bu,N][PF]): E,;, = 0.70 V
(rev.), —1.26 (rev.) V versus FcH"/FcH.

Synthesis of cisfac-[V(dgpy),][OTf],

KCq (14.3 mg, 0.105 mmol, 4.35 equiv) was suspended in acetonitrile
(2 mL). An orange solution of [V(dgpy),][OTf]; (29.2 mg, 0.024
mmol, 1.00 equiv) in acetonitrile (2 mL) was added. After stirring for
4 h at 298 K, the solution turned black. The solution was filtered to
remove the graphite. Crystals were obtained by slow diffusion of
diethyl ether into the CH;CN solution. Black needles which were
suitable for SC-XRD analysis were obtained (8.3 mg, 7.9 umol, 33%)
after several weeks. These crystals were dried under reduced pressure
to remove solvents for further measurements. Elemental analysis
(CH;CN-free sample): caled (%) for C,oHs,F¢N;,045,V (1056.00 g
mol™): C, 45.50; H, 5.15; N, 18.57. Found (%): C, 45.36; H, 5.13; N,
18.51. MS (CH;CN/ESI"): caled for {[V(dgpy),][OTf],}": m/z =
1055.313, found: m/z (%) = 1055.312 (25); caled for {[V(dgpy),]-
[OTf]}*: m/z = 906.361, found: m/z (%) = 906.362 (100); calcd for
{[V(dgpy),][OTf]}**: m/z = 453.180, found: m/z (%) = 453.181
(26); caled for [V(dgpy),]*": m/z = 378.704, found: m/z (%) =
378.705 (43); caled for [V(dgpy),]**: m/z = 252.469, found: m/z
(%) = 252.470 (14). IR (ATR): ¥ = 2945 (w), 2859 (w), 1604 (s),
1582 (m), 1502 (m), 1426 (m), 1375 (m), 1323 (w), 1303 (w), 1273
(m, sh), 1260 (s, triflate), 1221 (m), 1195 (m), 1142 (m), 1062 (m),
1027 (s, triflate), 915 (w), 885 (w), 846 (w), 792 (m), 738 (m), 634
(w, triflate), 572 (m, triflate), 516 (m, triflate), 441 (w) cm™". Raman:
7 = 1616 (w), 1581 (s), 1502 (w), 1415 (w), 1064 (w), 1003 (s,
triflate), 948 (w), 775 (w, triflate), 748 (w), 655 (m) cm™. UV/vis/
NIR (CH;CN): 4 (&) = 736 (1000), 571 (1000), 389 nm (2300 M~

em™"). CV (CH,CN/[n-Bu,N][PF]): E;/, = 0.72 V (rev.), —1.26
(rev.) V versus FcH*/FcH.

B ASSOCIATED CONTENT
Data Availability Statement

All the raw data from this manuscript have been uploaded to
Zenodo and are freely available via the DOI 10.5281/
zenodo.20050414.

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00836.

Cartesian coordinates of optimized geometries from
quantum-chemical calculations (XYZ)

Analytical and spectroscopic data and results of quantum
chemical calculations (PDF)

Accession Codes

Deposition Numbers 2513687—2513688 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.

B AUTHOR INFORMATION
Corresponding Author

Katja Heinze — Department of Chemistry, Johannes Gutenberg
University Mainz, S5128 Mainz, Germany; © orcid.org/
0000-0003-1483-4156; Email: katja.heinze@uni-mainz.de

Authors

Alexandra Konig — Department of Chemistry, Johannes
Gutenberg University Mainz, $5128 Mainz, Germany

Marietta Goetz — Department of Chemistry, Johannes
Gutenberg University Mainz, 55128 Mainz, Germany

Robert Naumann — Department of Chemistry, Johannes
Gutenberg University Mainz, $5128 Mainz, Germany;

orcid.org/0000-0002-0912-7644

Christoph Forster — Department of Chemistry, Johannes

Gutenberg University Mainz, 55128 Mainz, Germany;
orcid.org/0000-0003-4971-5368

Jan Klett — Department of Chemistry, Johannes Gutenberg
University Mainz, $5128 Mainz, Germany; © orcid.org/
0000-0002-0055-533S5

Maximilian E. Huber — Fachbereich Chemie und
Forschungszentrum OPTIMAS, Rheinland-Pfilzische
Technische Universitit Kaiserslautern-Landau (RPTU),
67663 Kaiserslautern, Germany

Philipp Weber — Fachbereich Chemie und Forschungszentrum
OPTIMAS, Rheinland-Pfilzische Technische Universitit
Kaiserslautern-Landau (RPTU), 67663 Kaiserslautern,
Germany; © orcid.org/0009-0008-1695-1923

Christoph Riehn — Fachbereich Chemie und
Forschungszentrum OPTIMAS, Rheinland-Pfilzische
Technische Universitit Kaiserslautern-Landau (RPTU),
67663 Kaiserslautern, Germany; © orcid.org/0000-0001-
7021-108S

Jennifer Meyer — Fachbereich Chemie und Forschungszentrum
OPTIMAS, Rheinland-Pfilzische Technische Universitit
Kaiserslautern-Landau (RPTU), 67663 Kaiserslautern,
Germuny; 0rcid.0rg/0000-0003—1303—2370

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.6c00836

https://doi.org/10.1021/acs.inorgchem.6c00836
Inorg. Chem. 2026, 65, 1227112283

9z0z isnbny GO uo Jasn ZN WA A INN Ad  4pd "9€80099 wayab Jou | "sde /2Z629T99 /TLZZT /22 /S9 /4pd -2 |2 11 4e / fedou 1 /610 "soe "sgnd //:d 13y wo 14 papeo juwog


https://doi.org/10.5281/zenodo.20050414
https://doi.org/10.5281/zenodo.20050414
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00836?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00836/suppl_file/ic6c00836_si_001.xyz
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6c00836/suppl_file/ic6c00836_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2513687&id=doi:10.1021/acs.inorgchem.6c00836
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2513688&id=doi:10.1021/acs.inorgchem.6c00836
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katja+Heinze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1483-4156
https://orcid.org/0000-0003-1483-4156
mailto:katja.heinze@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Ko%CC%88nig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marietta+Goetz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Naumann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0912-7644
https://orcid.org/0000-0002-0912-7644
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Fo%CC%88rster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4971-5368
https://orcid.org/0000-0003-4971-5368
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Klett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0055-5335
https://orcid.org/0000-0002-0055-5335
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+E.+Huber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Weber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-1695-1923
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Riehn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7021-1055
https://orcid.org/0000-0001-7021-1055
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Meyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1303-2370
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00836?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Author Contributions

AK. performed the syntheses and spectroscopic character-
izations as well as the quantum chemical calculations. M.G.
assisted with the syntheses. RN. measured and interpreted the
TA data. C.F. solved and refined the single-crystal structures
and assisted with the quantum chemical calculations. J.K.
measured the Raman spectra. M.E.H.,, PW,, CR, and J.M.
performed and interpreted the gas-phase studies. K.H.
conceived, designed, and supervised the project. KH. wrote
the manuscript with contributions from all authors.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has been financially supported by the Deutsche
Forschungsgemeinschaft (DFG) under grants INST 247/
1082-1 and HE2778/15-2. Parts of this research were
conducted using the supercomputer Elwetritsch and advisory
services offered by the Rheinland-Pfilzische Technische
Universitit Kaiserslautern-Landau (RPTU) (https://hpc.rz.
rptu.de), which is a member of the AHRP. We thank Dr.
Dieter Schollmeyer for collecting the XRD data.

B REFERENCES

(1) Shah, S. S.; Maverick, A. W. Photophysics and Photochemistry of
2,2"-Bipyridine and 1,10-Phenanthroline Complexes of Vanadium(II).
Inorg. Chem. 1986, 25, 1867—1871.

(2) Shah, S. S.; Maverick, A. W. Photoinitiated Two-Electron
Oxidation of Tris (1,10-phenanthroline) vanadium(II). Inorg. Chem.
1987, 26, 1559—1562.

(3) Dobson, J. C.; Taube, H. Coordination Chemistry and Redox
Properties of Polypyridyl Complexes of Vanadium (II). Inorg. Chem.
1989, 28, 1310—131S.

(4) Dorn, M.; Kalmbach, J.; Boden, P.; Pipcke, A; Gémez, S,;
Forster, C.; Kuczelinis, F.; Carrella, L. M,; Biildt, L. A.; Bings, N. H.;
Rentschler, E.; Lochbrunner, S.; Gonzilez, L.; Gerhards, M.; Seitz,
M.; Heinze, K. A vanadium(III) complex with blue and NIR-II spin-
flip luminescence in solution. J. Am. Chem. Soc. 2020, 142, 7947—
79SS.

(5) Fataftah, M. S.; Bayliss, S. L.; Laorenza, D. W.; Wang, X.; Phelan,
B. T.; Wilson, C. B.; Mintun, P. J.; Kovos, B. D.; Wasielewski, M. R.;
Han, S.; Sherwin, M. S.; Awschalom, D. D.; Freedman, D. E. Trigonal
Bipyramidal V** Complex as an Optically Addressable Molecular
Qubit Candidate. J. Am. Chem. Soc. 2020, 142, 20400—20408.

(6) Dill, R. D.; Portillo, R. L; Shepard, S. G.; Shores, M. P.; Rappé,
A. K; Damrauer, N. H. Long-Lived Mixed MLCT/MC States in
Antiferromagnetically Coupled d* Vanadium(II) Bipyridine and
Phenanthroline Complexes. Inorg. Chem. 2020, 59, 14706—14715.

(7) Dorn, M.; Kalmbach, J.; Boden, P.; Kruse, A.; Dab, C.; Reber,
C.; Niedner-Schatteburg, G.; Lochbrunner, S.; Gerhards, M.; Seitz,
M.,; Heinze, K. Ultrafast and long-time excited state kinetics of an
NIR-emissive vanadium(III) complex I: Synthesis, spectroscopy and
static quantum chemistry. Chem. Sci. 2021, 12, 10780—10790.

(8) Joyce, J. P.; Portillo, R. L; Nite, C. M.; Nite, J. M.; Nguyen, M.
P.,; Rappé, A. K; Shores, M. P. Electronic Structures of Cr(III) and
V(II) Polypyridyl Systems: Undertones in an Isoelectronic Analogy.
Inorg. Chem. 2021, 60, 12823—12834.

(9) Joyce, J. P.; Portillo, R. I; Rappé, A. K; Shores, M. P. Doublet
Ground State in a Vanadium(II) Complex: Redox and Coordinative
Noninnocence of Tripodal Ligand Architecture. Inorg. Chem. 2022,
61, 6376—6391.

(10) Neururer, F. R;; Leitner, D.; Liu, S.; Wurst, K; Kopacka, H,;
Seidl, M.; Hohloch, S. The Chemistry of Vanadium bis-Phenolate
NHC Complexes in Three Oxidation States. Eur. J. Inorg. Chem. 2023,
26, No. €202300180.

(11) Dorn, M,; Hunger, D.; Férster, C.; Naumann, R.; van Slageren,
J.; Heinze, K. Towards Luminescent Vanadium(II) Complexes with
Slow Magnetic Relaxation and Quantum Coherence. Chem.—Eur. J.
2023, 29, No. 202202898.

(12) Konig, A,; Naumann, R,; Forster, C; Klett, J.; Heinze, K. A
Near-Infrared-II Luminescent and Photoactive Vanadium(II) Com-
plex with a 760 ns Excited State Lifetime. J. Am. Chem. Soc. 2028, 147,
20833—20842.

(13) Férster, C.; Heinze, K. Photophysics and photochemistry with
Earth-abundant metals — fundamentals and concepts. Chem. Soc. Rev.
2020, 49, 1057—1070.

(14) Wegeberg, C.; Wenger, O. S. Luminescent First-Row
Transition Metal Complexes. JACS Au 2021, 1, 1860—1876.

(15) Kitzmann, W. R.; Ramanan, C.; Naumann, R,; Heinze, K.
Molecular Ruby: Exploring the Excited State Landscape. Dalton
Trans. 2022, 51, 6519—6525.

(16) Kitzmann, W. R;; Moll, J.; Heinze, K. Spin-Flip Luminescence.
Photochem. Photobiol. Sci. 2022, 21, 1309—1331.

(17) Férster, C.; Heinze, K. Bimolecular Reactivity of 3d Metal-
Centered Excited States (Cr, Mn, Fe, Co). Chem. Phys. Rev. 2022, 3,
041302.

(18) Dorn, M.; East, N. R,; Férster, C.; Kitzmann, W. R,; Moll, J.;
Reichenauer, F.; Reuter, T.; Stein, L; Heinze, K. d-d and charge
transfer photochemistry of 3d metal complexes. Comprehensive
Inorganic Chemistry III, 2nd ed.; Yam, V. W.-W.; Elsevier, 2023; pp
707—788. DOI: 10.1016/B978-0-12-823144-9.00063-7.

(19) Férster, C.; Heinze, K. The Photophysics and Applications of
Molecular Rubies. Adv. Inorg. Chem. 2024, 83, 111—159.

(20) Morselli, G.; Reber, C; Wenger, O. S. Molecular Design
Principles for Photoactive Transition Metal Complexes: A Guide for
“Photo-Motivated” Chemists. J. Am. Chem. Soc. 2025, 147, 11608—
11624.

(21) Otto, S.; Grabolle, M.; Férster, C.; Kreitner, C.; Resch-Genger,
U.; Heinze, K. [Cr(ddpd),]*: A Molecular, Water-Soluble, Highly
NIR-Emissive Ruby Analogue. Angew. Chem., Int. Ed. 2015, 54,
11572—11576.

(22) Wang, C.; Otto, S.; Dorn, M.; Kreidt, E.; Lebon, J.; Srsan, L.
Di Martino-Fumo, P.; Gerhards, M.; Resch-Genger, U,; Seitz, M,;
Heinze, K. Deuterated Molecular Ruby with Record Luminescence
Quantum Yield. Angew. Chem., Int. Ed. 2018, 57, 1112—1116.

(23) Treiling, S.; Wang, C.; Férster, C.; Reichenauer, F.; Kalmbach,
J.; Boden, P.; Harris, J. P.; Carrella, L. M.; Rentschler, E.; Resch-
Genger, U.; Reber, C.; Seitz, M,; Gerhards, M.; Heinze, K.
Luminescence and Light-Driven Energy and Electron Transfer from
an Exceptionally Long-Lived Excited State of a Non-Innocent
Chromium(III) Complex. Angew. Chem., Int. Ed. 2019, 58, 18075—
1808S.

(24) Jiménez, J.-R.; Doistau, B.; Cruz, C. M.; Besnard, C.; Cuerva, J.
M.; Campaiia, A. G.; Piguet, C. Chiral Molecular Ruby [Cr(dqp),]**
with Long-Lived Circularly Polarized Luminescence. J. Am. Chem. Soc.
2019, 141, 13244—13252.

(25) Reichenauer, F.; Wang, C.; Forster, C.; Boden, P.; Ugur, N,;
Bdez-Cruz, R.; Kalmbach, J.; Carrella, L. M.; Rentschler, E.; Ramanan,
C.; Niedner-Schatteburg, G.; Gerhards, M.; Seitz, M.; Resch-Genger,
U.; Heinze, K. Strongly Red-Emissive Molecular Ruby [Cr(bpmp),]**
surpasses [Ru(bpy);]**. J. Am. Chem. Soc. 2021, 143, 11843—11855.

(26) Jiménez, J.-R.; Poncet, M.; Miguez-Lago, S.; Grass, S.; Lacour,
J; Besnard, C,; Cuerva, J. M.; Campafia, A. G.; Piguet, C. Bright
Long-Lived Circularly Polarized Luminescence in Chiral Chromium-
(III) Complexes. Angew. Chem., Int. Ed. 2021, 60, 10095—10102.

(27) Sinha, N.; Jiménez, J.-R; Pfund, B.; Prescimone, A.; Piguet, C.;
Wenger, O. S. A Near-Infrared-II Emissive Chromium(1II) Complex.
Angew. Chem., Int. Ed. 2021, 60, 23722—23728.

(28) Stein, L.; Wang, C.; Forster, C.; Resch-Genger, U.; Heinze, K.
Bulky Ligands protect Molecular Ruby from Oxygen Quenching.
Dalton Trans. 2022, 51, 17664—17670.

(29) Reichenauer, F.; Naumann, R.; Férster, C.; Kitzmann, W. R;
Reponen, A.-P. M,; Feldmann, S.; Heinze, K. Bridge Editing of Spin-

https://doi.org/10.1021/acs.inorgchem.6c00836
Inorg. Chem. 2026, 65, 1227112283

9z0z isnbny GO uo Jasn ZN WA A INN Ad  4pd "9€80099 wayab Jou | "sde /2Z629T99 /TLZZT /22 /S9 /4pd -2 |2 11 4e / fedou 1 /610 "soe "sgnd //:d 13y wo 14 papeo juwog


https://hpc.rz.rptu.de
https://hpc.rz.rptu.de
https://doi.org/10.1021/ic00231a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00231a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00257a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00257a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00306a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00306a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC02137K
https://doi.org/10.1039/D1SC02137K
https://doi.org/10.1039/D1SC02137K
https://doi.org/10.1021/acs.inorgchem.1c01129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c01129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.202300180
https://doi.org/10.1002/ejic.202300180
https://doi.org/10.1002/chem.202202898
https://doi.org/10.1002/chem.202202898
https://doi.org/10.1021/jacs.5c04471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c04471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c04471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00573K
https://doi.org/10.1039/C9CS00573K
https://doi.org/10.1021/jacsau.1c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2DT00569G
https://doi.org/10.1007/s43630-022-00186-3
https://doi.org/10.1063/5.0112531
https://doi.org/10.1063/5.0112531
https://doi.org/10.1016/B978-0-12-823144-9.00063-7
https://doi.org/10.1016/B978-0-12-823144-9.00063-7
https://doi.org/10.1016/B978-0-12-823144-9.00063-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/bs.adioch.2024.01.002
https://doi.org/10.1016/bs.adioch.2024.01.002
https://doi.org/10.1021/jacs.5c02096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c02096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c02096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201504894
https://doi.org/10.1002/anie.201504894
https://doi.org/10.1002/anie.201711350
https://doi.org/10.1002/anie.201711350
https://doi.org/10.1002/anie.201909325
https://doi.org/10.1002/anie.201909325
https://doi.org/10.1002/anie.201909325
https://doi.org/10.1021/jacs.9b06524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202101158
https://doi.org/10.1002/anie.202101158
https://doi.org/10.1002/anie.202101158
https://doi.org/10.1002/anie.202106398
https://doi.org/10.1039/D2DT02950B
https://doi.org/10.1039/D4SC05860G
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Flip Emitters gives Insight into Excited State Energies and Dynamics.
Chem. Sci. 2024, 15, 20251-20262.

(30) Reichenauer, F.; Zorn, D.; Naumann, R.; Forster, C.; Heinze,
K. Factorizing the Nephelauxetic Effect in Heteroleptic Molecular
Rubies. Inorg. Chem. 2024, 63, 23487—23496.

(31) Gabbani, A.; Poncet, M.; Pescitelli, G.; Carbonaro, L.; Krzystek,
J.; Colacio, E.; Piguet, C.; Pineider, F.; Di Bari, L.; Jiménez, J.-R;;
Zinna, F. Magnetic circularly polarized luminescence from spin—flip
transitions in a molecular ruby. Chem. Sci. 2024, 15, 17217—17223.

(32) Jones, R. W,; Cowin, R. A; Ivalo, I. L; Chekulaev, D.;
Roseveare, T. M.; Rice, C. R,; Weinstein, J. A,; Elliott, P. I. P,;
Scattergood, P. A. A Near-Infrared Luminescent Cr(III) N-
Heterocyclic Carbene Complex. Inorg. Chem. 2024, 63, 8526—8530.

(33) Poncet, M.; Cuevas-Contreras, L.; Ye, Y.; Guénée, L.; Cruz, C.
M,; Piguet, C.; Jiménez, J.-R. Exploring the Role of the Nephelauxetic
Effect in Circularly Polarized Luminescence of Chiral Chromium(III)
Complexes. J. Am. Chem. Soc. 2025, 147 (27), 23827—23833.

(34) Morselli, G.; Eggenweiler, T. H; Villa, M.; Prescimone, A;
Wenger, O. S. Pushing the Thermodynamic and Kinetic Limits of
Near-Infrared Emissive Cr'" Complexes in Photocatalysis. J. Am.
Chem. Soc. 2025, 147, 28226—28240.

(35) Ye, Y.; Poncet, M.; Yaltseva, P.; Salcedo-Abraira, P.; Rodriguez-
Diéguez, A.; Martin, J. H,; Cuevas-Contreras, L.; Cruz, C. M,
Doistau, B.; Piguet, C.; Wenger, O. S.; Herrera, ]J. M.; Jiménez, J.-R.
Modulating the spin—flip rates and emission energies through ligand
design in chromium(III) molecular rubies. Chem. Sci. 2025, 16,
5205—-5213.

(36) Sittel, S.; Zorn, D.; Kénig, A,; Grenz, ]J. M.; Férster, C;
Naumann, R;; Heinze, K. Decoupling Redox Potentials and Excited
State Energies in Substituted Chromium(III) Chromophores.
Chem.—Eur. J. 2025, No. e02668.

(37) Faérster, C.; Dorn, M.; Reuter, T.; Otto, S.; Davarci, G.; Reich,
T.; Carrella, L; Rentschler, E.; Heinze, K. Ddpd as Axpanded
Terpyridine: Dramatic Effects of Symmetry and Electronic Properties
in First Row Transition Metal Complexes. Inorganics 2018, 6, 86.

(38) Santoro, A.; Sambiagio, C.; McGowan, P. C.; Halcrow, M. A.
Synthesis and coordination chemistry of 1,1,1-tris-(pyrid-2-yl)ethane.
Dalton Trans. 2015, 44, 1060—1069.

(39) Englman, R; Jortner, J. The energy gap law for radiationless
transi-tions in large molecules. Mol. Phys. 1970, 18, 145—164.

(40) Wilson, J. S.; Chawdhury, N.; Al-Mandhary, M. R. A;; Younus,
M,; Khan, M. S.; Raithby, P. R.; Kohler, A.; Friend, R. H. The energy
gap law for triplet states in Pt-containing conjugated polymers and
monomers. J. Am. Chem. Soc. 2001, 123, 9412—9417.

(41) Caspar, J. V,; Kober, E. M,; Sullivan, B. P.; Meyer, T. J.
Application of the energy gap law to the decay of charge-transfer
excited states. J. Am. Chem. Soc. 1982, 104, 630—632.

(42) Caspar, J. V.; Meyer, T. J. Application of the energy gap law to
non-radiative, excited-state decay. J. Phys. Chem. 1983, 87, 952—957.

(43) Ermolaev, V. L.; Sveshnikova, E. B. The application of lumines-
cence-kinetic methods in the study of the formation of lanthanide ion
complexes in solution. Russ. Chem. Rev. 1994, 63, 905—922.

(44) Kreidt, E.; Kruck, C.; Seitz, M. Nonradiative Deactivation of
Lanthanoid Luminescence by Multiphonon Relaxation in Molecular
Complexes. Handbook on the Physics and Chemistry of Rare Earths;
Elsevier, 2018; Vol. 53, chapter 300, pp 35—79.

(45) Landry-Hum, J.; Bussiére, G.; Daniel, C.; Reber, C. Triplet
Electronic States in d* and d® Complexes Probed by Absorption
Spectroscopy: A CASSCF/CASPT2 Analysis of [V(H,0):]** and
[Ni(H,0)4]*". Inorg. Chem. 2001, 40, 2595—2601.

(46) Beaulac, R.;; Tregenna-Piggott, P. L. W.; Barra, A.-L.; Weihe,
H.; Luneau, D.; Reber, C. The Electronic Ground State of
[V(urea)s]*" Probed by NIR Luminescence, Electronic Raman, and
High-Field EPR Spectroscopies. Inorg. Chem. 2006, 45, 3399—3407.

(47) Pal, A. K; Zaccheroni, N.; Campagna, S.; Hanan, G. S. Near
infra-red emission from a mer-Ru(II) complex: consequences of
strong o-donation from a neutral, flexible ligand with dual binding
modes. Chem. Commun. 2014, 50, 6846—6849.

(48) Weitz, A.; Rabinovitz, M. Reduction of polycyclic hydrocarbons
with potassium-graphite intercalate KCg. Synth. Met. 1995, 74, 201—
20S.

(49) East, N. R;; Forster, C.; Carrella, L. M.; Rentschler, E.; Heinze,
K. The Full d®-d* Redox Series of Mononuclear Manganese
Complexes: Geometries and Electronic Structures of [Mn(dgpy),]™.
Inorg. Chem. 2022, 61, 14616—14625.

(50) East, N. R.; Dab, C.; Férster, C.; Heinze, K.; Reber, C. Coupled
Potential Energy Surfaces Strongly Impact the Lowest-Energy Spin-
Flip Transition in Six-Coordinate Nickel(II) Complexes. Inorg. Chem.
2023, 62, 9025—9034.

(51) Pal, A. K; Li, C,; Hanan, G. S.; Zysman-Colman, E. Blue-
Emissive Cobalt(III) Complexes and Their Use in the Photocatalytic
Trifluoromethylation of Polycyclic Aromatic Hydrocarbons. Angew.
Chem., Int. Ed. 2018, 57, 8027—8031.

(52) Moll, J.; Férster, C.; Konig, A; Carrella, L. M.; Wagner, M.;
Panthéfer, M.; Méller, A.; Rentschler, E.; Heinze, K. Panchromatic
Absorption and Oxidation of an Iron(II) Spin Crossover Complex.
Inorg. Chem. 2022, 61, 1659—1671.

(53) Sittel, S.; Naumann, R; Férster, C.; Huber, M. E.; Meyer, J;
Heinze, K. Thermally Activated and Nonactivated Excited State
Decay of [Cr(dgpy),]**. Inorg. Chem. 2025, 64, 20404—20414.

(54) Huber, M.; Ceman, A.; Weber, P.; Berg, L.; East, N. R;; Riehn,
C.; Heinze, K.; Meyer, J. Gas-Phase Characterization of Redox Active
Manganese Complexes. J. Am. Soc. Mass Spectrom. 2024, 35, 2642—
2649.

(55) Durham, B, Caspar, J. V.; Nagle, J. K; Meyer, T. J.
Photochemistry of tris(2,2"-bipyridine)ruthenium(2+) ion. J. Am.
Chem. Soc. 1982, 104, 4803—4810.

(56) Soupart, A.; Alary, F.; Heully, J.-L.; Elliott, P. L. P.; Dixon, L. M.
Theoretical Study of the Full Photosolvolysis Mechanism of
[Ru(bpy),;]**: Providing a General Mechanistic Roadmap for the
Photochemistry of [Ru(NAN);]**-Type Complexes toward Both Cis
and Trans Photoproducts. Inorg. Chem. 2020, 59, 14679—14695.

(57) Viggiano, A. A,; Paulson, J. F.,; Dale, F; Henchman, M.
Negative ion chemistry of triflic anhydride in the gas phase and the
electron affinity of trifluoromethanesulfonate ion. J. Phys. Chem. 1987,
91, 3031—-3032.

(58) Laporte, O.; Meggers, W. F. Some rules of spectral structure. J.
Opt. Soc. Am. Rev. Sci. Instrum. 19285, 11, 459—463.

(59) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.;
Nudelman, A,; Stoltz, B. M.; Bercaw, J. E,; Goldberg, K. I. NMR
Chemical Shifts of Trace Impurities: Common Laboratory Solvents,
Organics, and Gases in Deuterated Solvents Relevant to the
Organometallic Chemist. Organometallics 2010, 29, 2176—2179.

(60) McLuckey, S. A. Principles of collisional activation in analytical
mass spectrometry. J. Am. Soc. Mass Spectrom. 1992, 3, 599—614.

(61) Brendle, K.; Kordel, M.; Schneider, E.; Wagner, D.; Brise, S.;
Weis, P.; Kappes, M. M. Collision Induced Dissociation of
Benzylpyridinium-Substituted Porphyrins: Towards a Thermometer
Scale for Multiply Charged Ions? J. Am. Soc. Mass Spectrom. 2018, 29,
382—-392.

(62) Zins, E.-L.; Rondeau, D.; Karoyan, P.; Fosse, C.; Rochut, S;
Pepe, C. Investigations of the fragmentation pathways of benzylpyr-
idinium ions under ESI/MS conditions. J. Mass Spectrom. 2009, 44,
1668—1675.

(63) Zins, E.-L.; Pepe, C.; Schréder, D. Energy-dependent
dissociation of benzylpyridinium ions in an ion-trap mass
spectrometer. J. Mass Spectrom. 2010, 45, 1253—1260.

(64) Lang, J.; Hewer, J. M.; Meyer, J.; Schuchmann, J.; van Wiillen,
C.; Niedner-Schatteburg, G. Magnetostructural correlation in isolated
trinuclear iron(iii) oxo acetate complexes. Phys. Chem. Chem. Phys.
2018, 20, 16673—16685.

(65) Martens, J.; Berden, G.; Gebhard, C. R.; Oomens, J. Infrared
ion spectroscopy in a modified quadrupole ion trap mass
spectrometer at the FELIX free electron laser laboratory. Rev. Sci.
Instrum. 2016, 87, 103108.

(66) Kruppa, S. V.; Bippler, F.; Klopper, W.; Walg, S. P.; Thiel, W.
R,; Diller, R.; Riehn, C. Ultrafast excited-state relaxation of a binuclear

https://doi.org/10.1021/acs.inorgchem.6c00836
Inorg. Chem. 2026, 65, 1227112283

9z0z isnbny GO uo Jasn ZN WA A INN Ad  4pd "9€80099 wayab Jou | "sde /2Z629T99 /TLZZT /22 /S9 /4pd -2 |2 11 4e / fedou 1 /610 "soe "sgnd //:d 13y wo 14 papeo juwog


https://doi.org/10.1039/D4SC05860G
https://doi.org/10.1021/acs.inorgchem.4c04167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c04167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4SC04718D
https://doi.org/10.1039/D4SC04718D
https://doi.org/10.1021/acs.inorgchem.4c01270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c01270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c06196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c06196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c06196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c08541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c08541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d4sc08021a
https://doi.org/10.1039/d4sc08021a
https://doi.org/10.1002/chem.202502668
https://doi.org/10.1002/chem.202502668
https://doi.org/10.3390/inorganics6030086
https://doi.org/10.3390/inorganics6030086
https://doi.org/10.3390/inorganics6030086
https://doi.org/10.1039/C4DT02824D
https://doi.org/10.1080/00268977000100171
https://doi.org/10.1080/00268977000100171
https://doi.org/10.1021/ja010986s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010986s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010986s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00366a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00366a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100229a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100229a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1070/RC1994v063n11ABEH000125
https://doi.org/10.1070/RC1994v063n11ABEH000125
https://doi.org/10.1070/RC1994v063n11ABEH000125
https://doi.org/10.1021/ic0010860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0010860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0010860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0010860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051709f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051709f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051709f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cc49880h
https://doi.org/10.1039/c3cc49880h
https://doi.org/10.1039/c3cc49880h
https://doi.org/10.1039/c3cc49880h
https://doi.org/10.1016/0379-6779(95)03393-X
https://doi.org/10.1016/0379-6779(95)03393-X
https://doi.org/10.1021/acs.inorgchem.2c01680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c01680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201802532
https://doi.org/10.1002/anie.201802532
https://doi.org/10.1002/anie.201802532
https://doi.org/10.1021/acs.inorgchem.1c03511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5c03668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5c03668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.4c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.4c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00382a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100295a077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100295a077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/JOSA.11.000459
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1044-0305(92)85001-Z
https://doi.org/10.1016/1044-0305(92)85001-Z
https://doi.org/10.1007/s13361-017-1835-4
https://doi.org/10.1007/s13361-017-1835-4
https://doi.org/10.1007/s13361-017-1835-4
https://doi.org/10.1002/jms.1672
https://doi.org/10.1002/jms.1672
https://doi.org/10.1002/jms.1847
https://doi.org/10.1002/jms.1847
https://doi.org/10.1002/jms.1847
https://doi.org/10.1039/C7CP07549A
https://doi.org/10.1039/C7CP07549A
https://doi.org/10.1063/1.4964703
https://doi.org/10.1063/1.4964703
https://doi.org/10.1063/1.4964703
https://doi.org/10.1039/C7CP04128D
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Ag(I) phosphine complex in gas phase and solution. Phys. Chem.
Chem. Phys. 2017, 19, 22785-22800.

(67) Schmitt, M. J. P.; Kruppa, S. V.; Walg, S. P.; Thiel, W. R;
Klopper, W.; Riehn, C. Electronic spectroscopy of homo- and
heterometallic binuclear coinage metal phosphine complexes in
isolation. Phys. Chem. Chem. Phys. 2023, 25, 20880—20891.

(68) Grupe, M.; Boden, P.; Di Martino-Fumo, P.; Gui, X.; Bruschi,
C.; Israil, R;; Schmitt, M.; Nieger, M.; Gerhards, M.; Klopper, W.;
Riehn, C.; Bizzarri, C.; Diller, R. Time-Resolved Spectroscopy and
Electronic Structure of Mono-and Dinuclear Pyridyl-Triazole/
DPEPhos-Based Cu(I) Complexes. Chem.—Eur. ]. 2021, 27,
15252—-15271.

(69) Miiller, C.; Pascher, T.; Eriksson, A.; Chabera, P.; Uhlig, J.
KiMoPack: A python Package for Kinetic Modeling of the Chemical
Mechanism. J. Phys. Chem. A 2022, 126, 4087—4099.

(70) Wellman, S. M. J.; Jockusch, R. A. Moving in on the Action: An
Experimental Comparison of Fluorescence Excitation and Photo-
dissociation Action Spectroscopy. J. Phys. Chem. A 20185, 119, 6333—
6338.

(71) Zakheim, D. S.; Johnson, P. M. Rate equation modelling of
molecular multiphoton ionization dynamics. Chem. Phys. 1980, 46,
263-272.

(72) STOE & Cie. X-Area. STOE & Cie GmbH: Darmstadt.
https://www.stoe.com/products/xarea (accessed May 20, 2026).

(73) Coppens, P. The Evaluation of Absorption and Extinction in
Single-Crystal Structure Analysis. Crystallographic Computing; Ahmed,
F. R, Ed.; Munksgaard: Copenhagen, 1970; pp 255—270.

(74) Sheldrick, G. M. SHELXT - integrated space-group and crystal-
structure determination. Acta Crystallogr. Sect. A:Fundam. Crystallogr.
2015, 71, 3-8.

(75) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2018, 71, 3—8.

(76) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr.
Sect. A:Fundam. Crystallogr. 2008, 64, 112—122.

(77) Hiibschle, C. B.; Sheldrick, G. M.; Dittrich, B. ShelXle: a Qt
graphical user interface for SHELXL. J. Appl. Crystallogr. 2011, 44,
1281—1284.

(78) Neese, F. The ORCA program system. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2012, 2, 73—78.

(79) Neese, F. Software update: The ORCA program system—
Version 5.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2022, 12,
No. e1606.

(80) Becke, A. D. Density-functional thermochemistry. II1. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(81) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785—789.

(82) Miehlich, B,; Savin, A.; Stoll, H.; Preuss, H. Results obtained
with the correlation energy density functionals of Becke and Lee,
Yang and Parr. Chem. Phys. Lett. 1989, 157, 200—206.

(83) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 20085, 7,
3297-330S.

(84) Pantazis, D. A.,; Chen, X.-Y.; Landis, C. R.,; Neese, F. All-
Electron Scalar Relativistic Basis Sets for Third-Row Transition Metal
Atoms. J. Chem. Theory Comput. 2008, 4, 908—919.

(85) Pantazis, D. A.; Neese, F. All-Electron Scalar Relativistic Basis
Sets for the Lanthanides. J. Chem. Theory Comput. 2009, S, 2229—
2238.

(86) Pantazis, D. A.; Neese, F. All-electron scalar relativistic basis
sets for the 6p elements. Theor. Chem. Acc. 2012, 131, 1292.

(87) Pantazis, D. A.; Neese, F. All-Electron Scalar Relativistic Basis
Sets for the Actinides. J. Chem. Theory Comput. 2011, 7, 677—684.

(88) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—106S.

(89) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Relativistic
regular two-component Hamiltonians. J. Chem. Phys. 1993, 99, 4597—
4610.

12283

(90) van Wiillen, C. Molecular density functional calculations in the
regular relativistic approximation: Method, application to coinage
metal diatomics, hydrides, fluorides and chlorides, and comparison
with first-order relativistic calculations. J. Chem. Phys. 1998, 109,
392-399.

(91) Neese, F. An improvement of the resolution of the identity
approximation for the formation of the Coulomb matrix. J. Comput.
Chem. 2003, 24, 1740—1747.

(92) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient,
approximate and parallel Hartree—Fock and hybrid DFT calculations.
A ‘chain-of-spheres’ algorithm for the Hartree—Fock exchange. Chem.
Phys. 2009, 356, 98—109.

(93) Izsék, R.; Neese, F. An overlap fitted chain of spheres exchange
method. J. Chem. Phys. 2011, 13S, 144108.

(94) Helmich-Paris, B.; de Souza, B.; Neese, F.; Izsik, R. An
improved chain of spheres for exchange algorithm. J. Chem. Phys.
2021, 1SS, 104109.

(95) Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a
solute with a continuum. A direct utilizaion of AB initio molecular
potentials for the prevision of solvent effects. Chem. Phys. 1981, S5,
117-129.

(96) Barone, V.; Cossi, M. Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102, 1995—2001.

(97) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(98) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. . Comput.
Chem. 2011, 32, 1456—1465.

(99) Mai, S.; Plasser, F.; Dorn, J.; Fumanal, M., Daniel, C.;
Gonzélez, L. Quantitative wave function analysis for excited states of
transition metal complexes. Coord. Chem. Rev. 2018, 361, 74—97.

(100) Plasser, F. TheoDORE: A toolbox for a detailed and
automated analysis of electronic excited state computations. J.
Chem. Phys. 2020, 152, 84108.

(101) Stoychev, G. L.; Auer, A. A.; Neese, F. Automatic Generation
of Auxiliary Basis Sets. J. Chem. Theory Comput. 2017, 13, 554—562.

(102) Angeli, C; Cimiraglia, R.; Evangelisti, S.; Leininger, T.;
Malrieu, J.-P. Introduction of n-electron valence states for multi-
reference perturbation theory. J. Chem. Phys. 2001, 114, 10252—
10264.

(103) Angeli, C.; Cimiraglia, R,; Malrieu, J.-P. n-electron valence
state perturbation theory: A spinless formulation and an efficient
implementation of the strongly contracted and of the partially
contracted variants. . Chem. Phys. 2002, 117, 9138—9153.

(104) Lang, L; Neese, F. Spin-dependent properties in the
framework of the dynamic correlation dressed complete active space
method. J. Chem. Phys. 2019, 150, 104104.

(105) Guo, Y.; Sivalingam, K.; Neese, F. Approximations of density
matrices in N-electron valence state second-order perturbation theory
(NEVPT2). L. Revisiting the NEVPT2 construction. J. Chem. Phys.
2021, 154, 214111.

(106) Kollmar, C.; Sivalingam, K.; Guo, Y.; Neese, F. An efficient
implementation of the NEVPT2 and CASPT2 methods avoiding
higher-order density matrices. J. Chem. Phys. 2021, 155, 234104.

https://doi.org/10.1021/acs.inorgchem.6c00836
Inorg. Chem. 2026, 65, 1227112283

9z0z isnbny GO uo Jasn ZN WA A INN Ad  4pd "9€80099 wayab Jou | "sde /2Z629T99 /TLZZT /22 /S9 /4pd -2 |2 11 4e / fedou 1 /610 "soe "sgnd //:d 13y wo 14 papeo juwog


https://doi.org/10.1039/C7CP04128D
https://doi.org/10.1039/D3CP03058J
https://doi.org/10.1039/D3CP03058J
https://doi.org/10.1039/D3CP03058J
https://doi.org/10.1002/chem.202102760
https://doi.org/10.1002/chem.202102760
https://doi.org/10.1002/chem.202102760
https://doi.org/10.1021/acs.jpca.2c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b04835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0301-0104(80)85202-5
https://doi.org/10.1016/0301-0104(80)85202-5
https://www.stoe.com/products/xarea
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1002/wcms.81
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900090f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900090f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00214-012-1292-x
https://doi.org/10.1007/s00214-012-1292-x
https://doi.org/10.1021/ct100736b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100736b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.476576
https://doi.org/10.1063/1.476576
https://doi.org/10.1063/1.476576
https://doi.org/10.1063/1.476576
https://doi.org/10.1002/jcc.10318
https://doi.org/10.1002/jcc.10318
https://doi.org/10.1016/j.chemphys.2008.10.036
https://doi.org/10.1016/j.chemphys.2008.10.036
https://doi.org/10.1016/j.chemphys.2008.10.036
https://doi.org/10.1063/1.3646921
https://doi.org/10.1063/1.3646921
https://doi.org/10.1063/5.0058766
https://doi.org/10.1063/5.0058766
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9716997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/j.ccr.2018.01.019
https://doi.org/10.1016/j.ccr.2018.01.019
https://doi.org/10.1063/1.5143076
https://doi.org/10.1063/1.5143076
https://doi.org/10.1021/acs.jctc.6b01041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b01041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1361246
https://doi.org/10.1063/1.1361246
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.5085203
https://doi.org/10.1063/1.5085203
https://doi.org/10.1063/1.5085203
https://doi.org/10.1063/5.0051211
https://doi.org/10.1063/5.0051211
https://doi.org/10.1063/5.0051211
https://doi.org/10.1063/5.0072129
https://doi.org/10.1063/5.0072129
https://doi.org/10.1063/5.0072129
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

