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ABSTRACT: The optical properties of four new trinuclear
chalcogenolato bridged metal complexes [Ag2Ti(SPh)6(PPh3)2],
[Na(thf)3]2[Ti(SPh)6], [Cu2Ti(SePh)6(PPh3)2], and [Ag2Ti-
(SePh)6(PPh3)2] have been investigated by absorption and photo-
luminescence spectroscopy as well as time-dependent density
functional theory (TDDFT) calculations and compared to the
results published recently for [Cu2Ti(SPh)6(PPh3)2]. All of these
compounds are distinguished by efficient near-infrared luminescence
at ∼880−1200 nm in the solid state at low temperatures, which
remains quite intense for the copper−titanium complexes at ambient
temperature with PL quantum yields of 9.5 and 4.8% at λPL = 1090
and 1240 nm for [Cu2Ti(EPh)6(PPh3)2], E = S, Se, respectively.
According to the calculations, a peculiar feature of the lowest-energy
electronic transitions in these complexes is their high localization on
the metal and chalcogen atoms, with negligible contributions of the “external” ligand groups. Correspondingly, the type of atoms in
the M2TiE6 (M = Cu, Ag, Na) core structure determines optical properties such as the absorption and emission wavelengths and PL
lifetime.

■ INTRODUCTION

Copper(I) complexes with a high luminescence efficiency (up
to ∼90% in the solid state at ambient temperature) have been
evaluated as potential materials for future economical and
mass-producible organic light-emitting diodes (OLEDs)1,2 and
light-emitting electrochemical cells (LECs).3,4 In particular,
numerous multimetallic copper-based complexes, also includ-
ing cluster compounds, have been found to show bright
photoluminescence (PL).5−14 Depending on the specific
complex structure, the PL (typically phosphorescence or
delayed fluorescence) has been observed across the whole
visible range from blue to deep red, demonstrating various
electronic relaxation and decay patterns in the solid state and
solution. In most of these compounds, photoexcitation results
in the initial charge “separation” via metal-to-ligand charge
transfer (MLCT) transitions which are often followed by
intersystem crossing (ISC) leading to long-lived triplet excited
states.
In a recent work, the emission range of copper-based

complexes has been extended up to the near-infrared (NIR) by
introducing ternary copper chalcogenolato complexes
[Cu2M′(EPh)6(PPh3)2] (M′ = Sn, Ti; E = S, Se) which
comprise additional tin or titanium atoms in the copper
chalcogen framework and emit at ∼700−1100 nm in the solid
state.15,16 Furthermore, [Cu2Ti(SPh)6(PPh3)2] retains an

efficient emission at ∼1100 nm at ambient temperature with
a quantum yield of 9.5%. Time-dependent density functional
theory (TDDFT) calculations revealed that in this case the
electronic transitions from a mixture of filled sulfur p and
copper d orbitals into empty titanium d or tin s orbitals
dominate the lowest-energy absorptions.15 As examples of
structure-related compounds, one can also mention the
heteroheptanuclear Sn(IV)−Cu(I) oxosulphur complex
[Sn3Cu4(S2C2H4)6(μ3-O)(PPh3)4](ClO4)2 which generates
blue-green light at 495 nm17 and the large cluster complex
(NBu4)[Cu19S28(SnPh)12(PEt2Ph)3] demonstrating a deep-red
PL at 820 nm below T ≈ 100 K (decreasing in intensity and
shifting to ∼930 nm at 200 K).18

Despite the great diversity of luminescence properties found
for copper-based complexes, the above examples of NIR
emitters beyond 950 nmin the spectral region of interest, for
instance, for biological imaging and telecommunication
remain, to our knowledge, very rare. Such emitters, especially
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those with relatively high PL quantum yields, are also quite
rare among other transition-metal complexes. In the field of
molecular NIR emitters, one usually relies on suitable
lanthanide derivatives.19−21 It is worth noting that a chalcogen
framework can be advantageously used for the synthesis of
complexes and clusters of NIR-luminescent lanthanides, as has
been demonstrated by Brennan and co-workers.22,23 However,
although NIR emission is ubiquitous for lanthanide complexes,
it is still usually of poor efficiency,24 in part as a general
consequence of the emission energy gap law predicting the
enhanced competition of nonradiative decay with NIR
emission.25,26

The above considerations justify interest in the extraordinary
PL properties of [Cu2Ti(SPh)6(PPh3)2] (1). In a subsequent
work, we have found that the copper atoms can be readily
replaced in this structure with silver or sodium. In addition,
selenium can be introduced instead of sulfur. In the following
text, we report on four new trinuclear complexes: [Ag2Ti-
(EPh)6(PPh3)2] (E = S (2), Se (5)), [Na(thf)3]2[Ti(SPh)6]
(3), and [Cu2Ti(SePh)6(PPh3)2] (4) (Scheme 1), which
luminesce at NIR wavelengths of as long as ∼880−1240 nm.
We describe in detail the synthesis, crystallographic data, and
absorption and emission spectra as well as the results of
modeling these spectra within TDDFT calculations.

■ RESULTS AND DISCUSSION

Syntheses and Structures. The synthesis and structural
data have already been published for 1.27 Syntheses of 2−5
have been performed by using related reactions shown in
Scheme 1. In the solid (polycrystalline) state, all of these
compounds appear to be deeply colored, from dark violet-red
to almost black.
Single-crystal X-ray analysis reveals that compounds 1−5

crystallize in the same trigonal space group R3̅ with similar
lattice constants (Tables S1 and S2 in the Supporting
Information (SI)).28 The structures of 1, 2, 4, and 5 are
depicted in Scheme 2 and Figures S1−S3, and that of 3 in
Figure 1. The main structural parameters of 1−5 are compared
in Table 1.

In each structure, there is an inversion center at the titanium
atom and a 3-fold rotational axis which runs through the linear
chains formed by the M1+ = Cu, Ag, Na, titanium, and

Scheme 1. Synthesis Reactions for 2−5

Scheme 2. Structures of Complexes 1, 2, 4, and 5

Figure 1.Molecular structure of [Na(thf)3]2[Ti(SPh)6] (3) (H atoms
are omitted for clarity). Thermal ellipsoid plots at 50% probability.
For selected bond lengths and angles, see Table 1. Symmetry
transformation for the generation of equivalent atoms: ′4/3 − x, 2/3
− y, 2/3 − z; ′′1/3 − y + x, −1/3 + x, 2/3 − z; ‴1/3 + y, 2/3 − x + y,
2/3 − z; ‴′1 + y − x, 1 − x, +z; ‴″1 − y, x − y, +z.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c00829
Inorg. Chem. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00829/suppl_file/ic1c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00829/suppl_file/ic1c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00829/suppl_file/ic1c00829_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00829?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00829?rel=cite-as&ref=PDF&jav=VoR


phosphorus atoms. In terms of polyhedral coordination, the
molecular structures of 1−5 can be viewed as consisting of a
distorted octahedrally coordinated titanium atom sharing
parallel trigonal faces with two copper/silver-centered
“ME3P” (M = Cu, Ag; E = S, Se) tetrahedrons or sodium-
centered NaS3O3 octahedrons, respectively. Different structural
parameters for 1−5 reflect the different elements involved
(Table 1). The quite similar and only slightly distorted TiE6
octahedral coordination spheres display for the structures with
bridging selenium atoms (4, 5) roughly 10 pm longer Ti−E
bond distances in comparison to those with sulfur atoms (1 −
3). A similar observation can be made for the M−E bonds in
the complexes with M = Cu, Ag (1, 2, 4, and 5). However, the
Na−S bond distance in 3 is 296.47 pm and distinctly longer
than the other four M−E bonds due to its more ionic
character. Another important geometrical parameter is the M−
E−Ti bond angle which is most acute in 4 (67.24°) and
increases further up to 89.00° in the order of 1 < 5 < 2 < 3. In
combination, the different M−E bond distances and M−E−Ti
bond angles produce a varying M−Ti distance which is, with a
distinct gap, the longest in 3 (381.11 pm) and decreases in the
other complexes from 320.96 pm down to 278.65 pm in the
order of 5 > 2 > 1 > 4. We note that the observed increase in
M−Ti bond distances is not directly reflected by the change in
the ionic radii of the metals Cu (77 pm), Ag (115 pm), and Na
(102 pm).
Assuming the phenyl-chalcogenolato ligands −SPh and

−SePh to be singly negatively charged, we assign, in agreement
with previous reports, the formal oxidation states of +IV to the
titanium atoms and +I to the coinage metal as well as sodium
atoms.27,15 In the literature, several other heterobimetallic
trinuclear complexes can be found, which comprise a similar
linear metal skeleton, including [Cu2Sn(EPh)6(PPh3)2] (E = S,
Se),15,16 [Ag2Sn(SPh)6(PPh3)2],

15 [Cu2Nb(SePh)6(PR3)2] (R
= org. group),29 [Co2V(SPh)8]

2−, [Ni2V(SPh)8]
2−,30 [Cu2M-

(SAr)6(PPh3)2] (M = W, Mo, U; Ar = Ph, p-C6H4Me, p-
C6H4F, p-C6H4Cl, p-C6H4Br),

31−33 and [LFeMFeL]n+ (M =
Ge, Sn; n = 2, 3; L = 1,4,7-(4-tert-butyl-2-mercaptobenzyl)-
1,4,7-triazacyclononane).34

The measured powder X-ray diffraction (XRD) patterns of
1−5 show good agreement with the calculated ones based on
the single-crystal data (Figures S4−S8), which proves the
crystalline purity of the samples used for optical spectroscopy.
Slightly increasing differences in the position of the peaks with
increasing detection angle arise from the temperature differ-
ence between data collections (single-crystal XRD at 180 K vs
powder XRD at room temperature).
Photophysical Properties: Experiment and Theory.

Absorption spectra of powdered crystals of 1−5 were
measured in transmission and reflection modes using an
integrating sphere at 295 K, whereas their PL excitation (PLE)
and emission spectra were obtained in the temperature range
of 5−295 K (Figures 2, 3, and S9−S11).35 Experimental Stokes

shifts (SS) were estimated for 1−5 from the PLE and PL
spectra at low temperatures as the energetic difference in the
first PLE and the PL maximum (Table 2, Figure S11). The
spectra of newly prepared 1 corresponded well to those in ref
15.
Singlet excitation energies were calculated within TDDFT

using the experimental (single-crystal XRD) structural

Table 1. Selected Bond Distances (pm) and Angles (deg) of [Cu2Ti(SPh)6(PPh3)2] (1), [Ag2Ti(SPh)6(PPh3)2] (2),
[Na(thf)3]2[Ti(SPh)6] (3), [Cu2Ti(SePh)6(PPh3)2] (4), and [Ag2Ti(SePh)6(PPh3)2] (5)

M E Ti−E (pm) E−Ti−E (deg) M−E (pm) M−E−Ti (deg) M−Ti (pm)

1 Cu S 246.27(6) 86.98(2), 93.03(2) 235.28(6) 71.10(2) 280.11(5)
2 Ag S 244.86(7) 88.01(2), 92.00(2) 261.10(8) 77.88(2) 318.24(4)
3 Na S 244.69(4) 84.69(1), 95.31(1) 296.47(10) 89.00(2) 381.11(13)
4 Cu Se 258.53(3) 88.86(1), 91.14(1) 244.26(4) 67.24(1) 278.65(6)
5 Ag Se 258.00(4) 89.06(1), 90.94(1) 269.07(5) 74.99(2) 320.96(6)

Figure 2. Summary of the experimental (powdered crystals in mineral
oil) and calculated (TDDFT) electronic spectra of [Ag2Ti-
(SPh)6(PPh3)2] (2). (Top) Photoluminescence excitation (PLE,
solid line) and emission (PL, dashed line) at different temperatures.
(Middle) Calculated singlet excitation energies and oscillator
strengths plotted as vertical lines (green) as well as superimposed
Gaussians of fwhm = 0.3 eV (black curve) for simulation on normal
and log scales. The character of the peaks (up to 2.5 eV) is visualized
using the nonrelaxed transition densities. (See the text.) The
contributions of occupied orbitals are plotted in red, and those of
the unoccupied orbitals in blue. (Bottom) UV−vis−NIR in
transmission and reflection modes at room temperature.
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parameters, as well as the optimized molecular structures.
Calculations were made with TURBOMOLE,36,37 employing
Becke’s three-parameter hybrid functional with Lee−Yang−
Parr correlation (B3LYP),38,39 and polarized double-ζ valence
basis sets def2-SV(P),40 throughout (Table S4). From the
obtained transitions, the spectra were simulated by super-
imposing Gaussians with a full width at half-maximum of 0.3

eV. Note that the solid-state absorption/PLE spectra in general
overemphasize the intensity of weak bands due to the high
optical thickness and nonvalidity of the Beer−Lambert law for
polycrystalline sample preparations such as used for 1−5.
Therefore, a better visual comparison of the calculated and
measured spectra can be achieved by plotting the former ones
on a log scale (Figures 2, S9, and S10). Additionally, an
attempt was made to simulate the emission processes with
TDDFT, similar to the route proposed by Costuas et al.41 It
has already been performed and described in detail for 1.15

Following this approach, the emission energies for the
respective excited state of 1−5 were obtained as singlet and
triplet excitation energies ΔE(S1, T1)exc from the ground-state
determinant calculated for the relaxed structure (Table 3).
Then, the theoretical Stokes shift for singlet (fluorescence) and
triplet (phosphorescence) emissions may be identified by the
difference ΔE(S0)exc − ΔE(S1, T1)exc, where ΔE(S0)exc is the
lowest excitation energy for the structural parameters
optimized for the ground state.

Absorption/PL Excitation Spectra. In accordance with
the visual appearance of 1−5 (from dark violet-red to nearly
black polycrystals), their absorption and PL excitation (PLE)
spectra extend to the red or near-infrared spectral region. The
first absorption bands in the low-temperature PLE spectra,

Figure 3. Summary of the experimental (powdered crystals in mineral oil) and calculated (TDDFT) electronic spectra of [Na(thf)3]2[Ti(SPh)6]
(3), [Cu2Ti(SePh)6(PPh3)2] (4), and [Ag2Ti(SePh)6(PPh3)2] (5) (left, middle, and right panels, respectively). (Top) Photoluminescence
excitation (PLE, solid line) and emission (PL, dashed line) at different temperatures. (Bottom) Calculated singlet excitation energies and oscillator
strengths plotted as vertical lines (green) as well as superimposed Gaussians with fwhm = 0.3 eV (black curve) for simulation on a log scale.

Table 2. PL and PLE Data from Experimenta

λPLE/EPLE,
20 K

λPL/EPL,
20 K

λPL/EPL,
150 K

ΔESS,
20 Kb τ, 20 K

1 875/1.42 1063/1.17 1090/1.14c 0.25 0.04
2 720/1.72 885/1.40 920/1.35 0.32 9.1,

3.2 (50:50)d

3 602/2.06 960/1.29 955/1.30 0.77 24,
6.1 (78:22)d

4 1030/1.20 1205/1.03 1240/1.00b 0.17 0.052
5 840/1.48 1075/1.15e 1100/1.13 0.33d 0.09d

aFirst photoluminescence excitation maximum λPLE/EPLE (nm/eV)
(Figure S11), photoluminescence emission wavelength λPL (nm), and
energy EPL (eV), Stokes shift ΔESS (eV), and decay time τ (μs) for 1−
5. bΔESS = EPLE − EPL.

cValues at 295 K. dBiexponential decay
parameters with relative amplitudes of two exponential components in
brackets. The averaged lifetimes correspond to 6.1 and 20 μs for 2 and
3, respectively. eValues at 5 K.

Table 3. Calculated Data for the Optimized Structures (eV)a

Stokes shift

Egap ΔE(S0)exc ΔE(S1)exc ΔE(T1)exc ΔE(S0)exc−ΔE(S1)exc ΔE(S0)exc−ΔE(T1)exc
1 2.54 1.62 1.46b 1.41 0.16b 0.21
2 2.79 1.87 1.57 1.56b 0.30 0.31b

3 3.03 2.12 1.80 1.69b 0.32 0.43b

4 2.36 1.45 1.33b 1.28 0.11b 0.16
5 2.55 1.64 1.39 1.32b 0.25 0.31b

aEnergy of the HOMO−LUMO gap Egap, first singlet excitation energy for the ground state ΔE(S0)exc, first singlet and triplet excitation energies of
the first excited state ΔE(S1)exc/ΔE(T1)exc, and Stokes shift for 1−5. bValues correspond to the assignment of the luminescence as fluorescent (1,
4) or phosphorescent (2, 3, 5) according to the experimental PL decay times.
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displaying similar but sharper features as compared to the
absorption spectra at 295 K, were estimated to lie at ca. 875,
720, 602, 1030, and 840 nm (1.42, 1.72, 2.06, 1.20, and 1.48
eV) for 1−5, respectively (Table 2). The combinations of Cu,
Se (4) and Na, S (3) in the M2TiE6 core (M = Cu, Ag, Na; E =
S, Se) thus lead to the lowest and highest energies, respectively.
For all compounds, the above absorption bands are well
reproduced (within ca. 0.2 eV) by the calculated lowest-energy
singlet excitations (Tables 3 and S4). Furthermore, the whole
band patterns in the absorption/PLE spectra of 1−5 measured
up to ca. 4 eV appear to be in good agreement with the
simulated spectra, as illustrated in Figures 2, 3, S9, and S10.
The character of the lowest electronic transitions (<2.75 eV)

is very similar for all compounds. The nonrelaxed difference
density plots (insets in Figures 2, S9, and S10) reveal a high
localization within the M2TiE6 core (with only small “external”
contributions of the π orbitals of the chalcogen phenyl groups).
Mainly involved are HOMO, HOMO − 1, and LUMO;
consequently, the calculated excitation energies show a linear
dependence on the HOMO−LUMO gap; see Table 3. For a
rationalization of the differences in excitation energies, a more
detailed inspection of the frontier orbitals is justified. Their
shapes and energies (Figures 4, S12, and S13; Tables S3 and

S4) are very similar for homologous 1, 2, 4, and 5, reflecting
the structural similarity of these compounds (all exhibiting S6
symmetry). The sodium−titanium complex 3, including six
Na-coordinated thf molecules, structurally deviates from the
other compounds (see above) and comprises a reversed
symmetry order for HOMO and HOMO − 1 (Figure 4,
Tables S3 and S4), but with a very small energy difference of
∼0.1 eV. Mulliken contributions of atomic orbital shells (d, p)
to the frontier orbitals in 1−5 (Table 4) show that the lowest
unoccupied MOs in 1−5 are largely dominated by the d
orbitals of the titanium atom, with minor contributions of the
chalcogen (E = S, Se) and side metal atoms (M = Cu, Ag),
whereas the occupied MOs involve only the p orbitals of S and
Se and the d orbitals of Cu and Ag. The copper atoms in 1 and
4 thereby contribute notably more (∼8%) than the silver
atoms (∼3%) in 2 and 5; sodium atoms in 3 are practically not
involved.
The molecular orbital diagrams (MOs) of 1−5 depict the

influences of the choice of element combination on the

HOMO and LUMO and thus their effect on the HOMO−
LUMO gaps and finally on the absorption onsets (Figure 4).
Most striking, for 3, the LUMO is much higher in energy than
for the other compounds, which results in the largest HOMO−
LUMO gap among 1−5. Hence, the introduction of transition
metal copper or silver into the coordination surroundings of
the [Ti(SPh)6]

2− complex unit instead of main group element
sodium results in a distinct lowering of the LUMO. Within
compounds 1, 2, 4, and 5 the following trends are observed:
When exchanging Cu with Ag for a given chalcogen (1 → 2, 4
→ 5), the HOMO−LUMO gap becomes larger due to both an
increase in the LUMO and a decrease in the HOMO energy.
When exchanging S with Se for a given metal atom (1 → 4, 2
→ 5), the gap becomes smaller due to an increase in the
HOMO energy while the LUMO energy is almost unchanged.
Whereas the last observation may be rationalized by almost
unchanged atomic contributions for the LUMOs (Table 4),
the energetic changes for the other cases cannot be traced back
to changes in atomic contributions in an easy way. We
nevertheless list the following coincidences: When exchanging
Cu with Ag, the decrease in the HOMO energy comes with a
decrease in the d-shell contribution of the metal atom for this
orbital (see above), and the increase in the LUMO energy
comes with an increase in the d-shell contributions of both the
titanium and the metal M atoms.

Emission Spectra. Similar to 1, solid compounds 2−4
demonstrate strong NIR PL at temperatures below ∼100 K
whereas 5 emits with relatively low intensity even at 5 K
(Figures 2 and S9−S11). The energetic positions of these
bands at low temperatures follow for copper and silver
complexes 1, 2, 4, and 5 the trend of the first PLE maximum
(Figures 2, 3, and S11, Table 2). This means that the PL in the
copper selenolate complex 4 is most red-shifted in the NIR to
an energy of as low as 1205 nm (1.03 eV), followed by 5 (1075
nm/1.15 eV), 1 (1063/1.17), and 2 (885/1.40). This
manifests the trend that both the absorption and PL maximum
are lowered by a replacement of sulfur by selenium or silver by
copper, respectively. Experimental Stokes shifts of about 0.17−
0.32 eV are found to be moderate but slightly smaller for the
copper complexes 1 and 4 compared to the silver complexes 2
and 5 (PL maximum relative to the first band in the
absorption/PLE spectrum; Figures 2, 3, and S11, Table 2).

Figure 4. Calculated molecular orbital diagrams of 1−5 for the
energies of the optimized structures (data taken from Table S4). The
dashed line separates occupied orbitals from unoccupied ones.

Table 4. Mulliken Contributions in % of Atomic Orbital
Shells (d, p) with Respect to the Frontier Orbitals in 1−5a

1 2 3 4 5

ag LUMO + 1 d(M) 2.5 0.8 0.1 2.1 0.8

d(Ti) 73.8 78.4 75.2 73.7 79.8

p(E) 2.4 1.8 2.2 2.7 2.1

eg LUMO d(M) 0.5 0.1 0 0.35 0.1

d(Ti) 80.5 78.9 76.5 80 78.7

p(E) 1.7 2.0 1.9 1.7 2.0

au HOMO for 1, 2, 4,
and 5 and
HOMO − 1 for 3

d(M) 8.6 3.0 0 7.2 3.2

d(Ti) 0 0 0 0 0

p(E) 7.8 8.4 9.7 9.6 10.4

eu HOMO for 3 and
HOMO − 1 for 1,
2, 4, and5

d(M) 8.5 2.1 0 8.4 3.3

d(Ti) 0 0 0 0 0

p(E) 9.1 10.6 10.9 11.0 13.5
ad(Ti) denotes the contribution of the d shell of the titanium atom,
d(M) denotes that of one of the two metal atoms (M = Cu, Ag, Na),
and p(E) denotes that of one of the p shells of the six chalcogen
atoms (E = S, Se). The contributions of remaining shells of all of
these atoms to the listed orbitals are below 1% and therefore omitted.
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In contrast, the sodium−titanium complex 3 is distinguished
by a much broader emission and a distinctly larger Stokes shift
of about 0.77 eV, violating the energetic order suggested by the
first PLE maxima. Its PL is phosphorescence with a lifetime of
tens of microseconds at 20 K (Table 2), similar to the silver
complex 2 which comprises a moderately faster microsecond
decay. The PL lifetime of 5 amounts to 90 ns. Because it emits
with a relatively low intensity even at 5 K, this decay is mainly
determined by nonradiative relaxation processes. The radiative
lifetime likely lies in the microsecond range. Accordingly, the
PL of the second silver complex 5 was also attributed to
phosphorescence.
In contrast to the silver- and sodium-containing complexes

2, 3, and 5, the copper−titanium complexes 1 and 4 also
remain efficient emitters at ambient temperature, with
relatively high PL quantum yields, ΦPL, of 9.5 and 4.8% at
295 K, respectively. In addition, their emissions decay quickly
(within tens of nanoseconds at low temperatures), show the
smallest Stokes shift of the five complexes (0.25 and 0.17 eV
for 1 and 4), and therefore may be ascribed to fluorescence.
Referring to ΦPL values at 295 K, PL efficiencies of about 30
and 10% can be estimated for 1 and 4 below 50 K.
The calculated emission energies for the relaxed singlet (1

and 4) and triplet (2, 3, and 5) excited states (Table 3)
correspond reasonably well to the experimental data (Table 2).
Although the calculations generally overestimate the emission
energies by ca. 0.2−0.3 eV for 1, 2, 4, and 5, their Stokes shifts
are predicted to be within 0.1 eV of the experimental values
(Tables 2 and 3). A larger deviation is found for the sodium−
titanium complex 3 with the calculated vs observed Stokes shift
of ca. 0.42 vs 0.77 eV. Similar to the previous results,15 a
correlation between the PL properties of the chalcogenolato
bridged metal complexes and their structural relaxation upon
photoexcitation has been revealed, in particular, that regarding
the distance between the central titanium atom and its
neighboring metal atoms. For the fluorescent copper
complexes 1 and 4, only moderate changes are found for
both singlet and triplet excited states versus the optimized
ground-state structure (Table S5). In contrast, a pronounced
bond contraction along the M−Ti−M axis occurs in the
excited states of the phosphorescent silver complexes 2 and 5,
mainly due to a more pronounced reduction of the M−E−Ti
angle upon excitation. A different structural relaxation thus
contributes to the different Stokes shifts observed for the
copper− and silver−titanium compounds. The sodium−
titanium complex 3 is in a certain sense difficult to compare
to the copper and the silver compounds 1, 2, 4, and 5, both
due to different ligands (thf vs PPh3) and to the different
character of the HOMO: eu for 3 but au for the other
compounds. This leads to different characters of the lowest
excitations ( the LUMO is eg for all compounds): au × eg = eu
for 1, 2, 4, and 5 but eu × eg = 2au + eu for 3. However, there
seems to be a correlation of the distinct destabilization of the
LUMO in 3 in comparison to 1, 2, 4, and 5 and the largest
Stokes shift observed for this compound. Even more general,
larger excitations (or larger HOMO−LUMO gaps, respec-
tively) coincide with larger Stokes shifts (Table 3) and thus
similar arguments, in particular, the gap-reducing higher d-shell
contributions of Cu compared to Ag, may serve for their
rationalization (Table 4).
We note that the calculation results for singlet excitations,

energies and structure relaxation are presented/compared in
Tables S2, S3, and S5 for the both optimized (i.e., free

molecule or gas phase) and experimentally determined (XRD)
ground-state structure. Distinct differences between these
structures may be mostly assigned to crystal packing effects.
For instance, for all compounds the experimental solid-state
structure shows a notable contraction in the M−Ti bond
length (up to 19 pm in 4) in comparison to the optimized
molecular geometry. The choice of structure also has a
significant impact on the calculated absolute energies of the
frontier orbitals (Table S4). However, the energies of dipole
active singlet transitions, which define the absorption/PLE
spectra of 1−5, vary only moderately for the optimized vs
solid-state structures (Table S3).

■ SUMMARY AND CONCLUSIONS
In continuation of our work on the copper−titanium complex
[Cu2Ti(SPh)6(PPh3)2],

15 we obtained a series of NIR-
luminescent trinuclear chalcogenolato bridged metal com-
plexes of the same type [M2Ti(EPh)6(PPh3)2] with M = Ag,
Cu; E = S, Se and of a closely related structure [Na(thf)3]2[Ti-
(SPh)6]. All of these compounds absorb in the red or NIR
spectral range and show NIR photoluminescence with the
emission maxima at ca. 880−1200 and 920−1240 nm at low
(<100 K) and elevated (150−295 K) temperatures,
respectively. Quantum chemical calculations have been
performed (DFT and TDDFT) in order to gain an
understanding of how the elemental composition determines
the electronic situation and optical performance of the
complexes.
The optical properties in the low-energy region (<2.7 eV) of

ionic [Na(thf)3]2[Ti(SPh)6] are almost solely determined by
the complex anion comprising sulfur p- to titanium d-orbital
charge-transfer excitations. Upon a formal substitution of the
sodium atoms by copper or silver atoms in the metal position
M (accompanied by an exchange of thf by triphenylphosphine
ligands) the compounds become more covalent as indicated by
distinctly smaller M−S bond distances as well as shorter
nonbonding M···M distances. The lowest excitations are pure
HOMO−LUMO transitions, and thus the excitation energies
decrease with decreasing HOMO−LUMO gaps from Na via
Ag to Cu, coinciding with increasing d-shell contributions to
the frontier orbitals. Although these contributions are
moderate, they seem to have a distinct influence on the
optical performance of the compounds.
With respect to the emission properties, Stokes shifts are

experimentally found to be largest (0.77 eV) in [Na(thf)3]2[Ti-
(SPh)6], intermediate (0.32 and 0.33 eV) in the two silver
complexes, and smallest (0.17 and 0.25) in the complexes with
copper in the metal position M. These trends are reproduced
by the calculations. The size of the shifts in principle increases
with the size of the excitation energies and thus with the size of
the HOMO−LUMO gaps. More significant, the two copper
complexes differ in terms of the PL stability and PL decay
times from the silver analogues and [Na(thf)3]2[Ti(SPh)6].
Thus, [Cu2Ti(EPh)6(PPh3)2] (E = S, Se) retains high PL
efficiencies of 9.5 and 4.8% at ambient temperature, which is
remarkable with regard to their low emission energies (1240
nm/1.0 eV and 1090 nm/1.14 eV at 295 K). In addition, these
two complexes reveal nanosecond-fast decay indicating
fluorescence. For all other complexes, the PL is quenched at
least above 150 K and the microsecond-long emission can be
ascribed to phosphorescence.
This distinct PL behavior of the two copper complexes in

comparison to the other three compounds cannot be
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completely rationalized on the basis of the theoretical data. In
particular, the differences between the copper complexes and
the silver complexes indicate the existence of different
relaxation pathways, which might have a significant influence
on their PL performance.

■ EXPERIMENTAL SECTION
Synthesis. Standard Schlenk techniques were employed through-

out the syntheses using a double-manifold vacuum line with high-
purity dry nitrogen (99.9994%) and an MBraun glovebox with high-
purity dry argon (99.9990%). Solvents diethyl ether (Et2O),
tetrahydrofuran (THF), and toluene were dried over sodium
benzophenone and distilled under nitrogen. Anhydrous dichloro-
methane (CH2Cl2; H2O < 0.005%) obtained from Aldrich was
degassed, freshly distilled, and stored over molecular sieves under
nitrogen. Anhydrous CuCl and AgCl were obtained from Sigma-
Aldrich. CuCl was subsequently washed with HCl, CH3OH, and
diethyl ether to remove traces of CuCl2 and dried under vacuum.
TiCl4·2THF, [AgCl(PPh3)3],

42 [(PPh3)2CuSPh]2,
43 AgSPh,44 and

LiSPh45 were prepared according to literature procedures. PPh3
obtained from Sigma-Aldrich was recrystallized in ethanol before
use. NaEPh (E = S, Se) has been prepared by the reduction of (PhE)2
with Na in NH3/DME.
Solution 1H and 13C NMR data of 1−5 are not given, as changes in

color accompanied by strong shifts in absorption maxima and the
formation of precipitates indicate at least partial decomposition of the
complexes when redissolved.
[Cu2Ti(SPh)6(PPh3)2] (1) was prepared according to ref 15.
[Ag2Ti(SPh)6(PPh3)2] (2). [TiCl4(thf)2] (169 mg, 0.505 mmol) was

reacted with NaSPh (274 mg, 2.07 mmol) in 10 mL of thf to give an
intensely red, slightly turbid solution. This was centrifuged, and the
solid residue was washed once with another 10 mL of thf. After
unification, this reaction solution was added to a solution of AgSPh
(239 mg, 1.1 mmol) dissolved with PPh3 (530 mg, 2.02 mmol) in 10
mL of CH2Cl2. Dark-red crystals of 2 started to form after 1 h and
were separated by decantation from the mother liquor after 2 days;
then they were washed two times with 10 mL of cold thf (−75 °C)
and once with 10 mL of Et2O (−40 °C) to yield 480 mg (65.8%) of 2
after drying in vacuo. (2) C72H60Ag2P2S6Ti (1443.19): calcd C 59.92,
H 4.19, S 13.33; found C 59.89, H 4.45, S 12.66%.
[Na(thf)3]2[Ti(SPh)6] (3). [TiCl4(thf)2] (169 mg, 0.505 mmol) was

reacted with NaSPh (414 mg, 3.13 mmol) in 15 mL of thf to yield a
dark-red solution with a red microcrystalline precipitate within one
night. After the addition of 10 mL of dme, NaCl was separated by
centrifugation from the solution, the latter one mixed with 20 mL of
Et2O and stored in a freezer (−42 °C). Dark-red crystals of 3 are
formed within one night; they were separated by decantation from the
mother liquor and washed two times with a 1:1 mixture of thf/Et2O at
−75 °C to give, after subsequent drying in a stream of dry N2 and
briefly in vacuo (∼10 mbar), 310 mg (45.3%) of 3. (3)
C60H78Na2O6S6Ti (1181.49): calcd C 60.99, H 6.65, S 16.28; found
C 59.89, H 6.35, S 16.31%. The complex gradually decomposes in
vacuo (∼1 mbar) by the cleavage of thf.
[Cu2Ti(SePh)6(PPh3)2] (4). [TiCl4(thf)2] (150 mg, 0.45 mmol) and

CuCl (89 mg, 0.9 mmol) were dissolved with PPh3 (295 mg, 1.13
mmol) in 15 mL of thf. This orange-yellow solution was then cooled
to −45 °C, and PhSeSiMe3 (0.56 mL, 2.93 mmol) was added. Upon
warming up to rt with stirring, the solution gradually turned dark red.
After 1 day, the solvent was removed and the residue was dissolved in
10 mL of thf. A black crystalline precipitate of 4 was formed in a few
days upon keeping the solution first at rt and then in a refrigerator.
The supernatant solution was then decanted, and the crystals were
washed two times with 10 mL of cold thf (−75 °C) and once with 10
mL of Et2O (rt) to yield 230 mg (31.3%) of 4 after drying in vacuo.
The addition of 20 mL of Et2O to the decanted solution gives upon
standing in the refrigerator another 80 mg to result in a total yield of
310 mg (42.1%). (4) C72H60Cu2P2Se6Ti (1635,91): calcd C 52.86, H
3.70; found C 53.31, H 4.02%.

[Ag2Ti(SePh)6(PPh3)2] (5). First, AgCl (143 mg, 1.0 mmol) was
reacted with PPh3 (787 mg, 3.02 mmol) in 15 mL of thf for 3 days to
give an almost-white suspension. The addition of PhSeSiMe3 (252
mg, 1.1 mmol) yielded in several hours a clear yellow solution. The
solvent and volatile reaction products were then removed by vacuum
condensation, and the greasy yellow residue was redissolved in 10 mL
of thf. In a second flask, [TiCl4(thf)2] (169 mg, 0.505 mmol) was
reacted with NaSePh (364 mg, 2.07 mmol) in 10 mL of thf to give an
intensely red, slightly turbid solution. This was centrifuged after 2 h,
and the solid residue was washed once with another 10 mL of thf.
After unification, both reaction solutions were mixed, attaining a
nearly black color. This solution was again reduced by vacuum
condensation to a total of 10 mL. Upon addition of 10 mL of Et2O,
dark-red crystals of 5 formed within 4 days, which were separated by
decantation from the mother liquor and washed two times with 10
mL of cold thf (−75 °C) and once with 10 mL of Et2O (−40 °C) to
yield 400 mg (46%) of 5 after drying in vacuo. Upon repetition of the
reaction procedures, we sometimes observed the cocrystallization of
yellow [Ag14Se(SePh)12(PPh3)8], which seemed to preferentially
occur when we tried to optimize yields by applying higher amounts of
Et2O, a lower crystallization temperature, and longer crystallization
times.46 (5) C72H60Ag2P2Se6Ti (1724.56): calcd C 50.15, H 3.51;
found C 50.41, H 3.87%.

Crystallography. Because of the air and moisture sensitivity of
the compounds, crystals suitable for single-crystal X-ray diffraction
were selected in perfluoroalkylether oil and mounted quickly into the
diffractometer equipped with an Oxford Cryosystems cooler. Single-
crystal XRD data of 1−5 were collected using Mo Kα radiation (λ =
0.71073 Å) generated by a microfocus sealed X-ray tube (Mo Genix
3D) with multilayer optics on a STOE STADI Vari (Pilatus Hybrid
Pixel Detector 300 K). Raw intensity data were collected and treated
with STOE X-Area software, version 1.82. Data for all compounds
were corrected for Lorentz and polarization effects. With
implemented program STOE LANA, interframe scaling of the data
sets was carried out, along with multiscan absorption corrections by
the scaling of reflection intensities.47 Within Olex2,48 the structures
were solved with the ShelXT49 structure solution program involving
intrinsic phasing and refined with the ShelXL refinement package
using least-squares minimization. Molecular diagrams were prepared
using Diamond.50

In 1−5, all Ag, Cu, Ti, Se, S, O, P, and C atoms were refined with
anisotropic displacement parameters, while H atoms were computed
and refined using a riding model, with the isotropic temperature factor
equal to 1.2 times the equivalent temperature factor of the atom to
which they are linked. In 1 and 2, the C atoms of the phosphine
phenyl ring were refined with a split model of site disorder. In 3, the C
atoms of thf were refined with this model. Lattice solvent molecules
were identified within all structures. These are located at special
positions and could not be adequately refined due to disorder.
Therefore, for correction, the solvent-masking routine implemented in
Olex2 was used, which is based on the method described by van der
Sluis and Spek.51 The following corrections have been applied:

1. a total of 90 electrons in a potential solvent-accessible volume
of ∼365 Å3;

2. a total of 208 electrons in a potential solvent-accessible volume
of ∼379 Å3 (in the presence of CH2Cl2);

3. a total of 98 electrons in a potential solvent-accessible volume
of ∼347 Å3;

4. a total of 104 electrons in a potential solvent-accessible volume
of ∼ 425 Å3;

5. a total of 27 electrons in a potential solvent-accessible volume
of ∼309 Å3 (vacuum-dried crystals).

X-ray powder diffraction patterns (XRD) for 1−5 (powder of
crystals) were measured at rt on a STOE STADI P diffractometer (Cu
Kα1 radiation, germanium monochromator, Debye−Scherrer geom-
etry, Mythen 1K detector) in sealed glass capillaries. The theoretical
powder diffraction patterns were calculated on the basis of the atom
coordinates obtained from single-crystal X-ray analysis (180 K) by
using the STOE WinXPOW program package.52
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Physical Measurements. C, H, and S elemental analyses were
performed on an Elementar vario Micro cube instrument.
Solid-state UV−vis absorption spectra of 1−5 were recorded on a

PerkinElmer Lambda 900 spectrophotometer equipped with a
Labsphere integrating sphere in transmission and reflection modes
for samples which were prepared as micrometer-sized crystalline
powders dispersed in a Nujol layer between two quartz plates.
Photoluminescence (PL) measurements were performed on a

Horiba JobinYvon Fluorolog-3 spectrometer equipped with a
Hamamatsu R5509 vis-NIR photomultiplier (∼300−1400 nm) and
an optical close-cycle cryostat (Leybold) for measurements at
cryogenic temperatures down to 16 K. Compound 5 was measured
in a pulse tube cryostat (Cryomech) from 5 to 150 K. The same
sample preparations as for absorption measurements were applied.
The emission spectra were corrected for the wavelength-dependent
response of the spectrometer and detector (in relative photon flux
units). Emission decay traces were recorded by connecting the
photomultiplier to an oscilloscope (with a 50 Ω or larger load
depending on the time scale) and using a N2 laser for pulsed
excitation at 337 nm (∼2 ns, ∼5 μJ per pulse). The PL quantum yield
of 4 excited at 500 nm was measured at ambient temperature
according to de Mello et al.53 using a 10 cm integrating sphere out of
optical PTFE with low autoluminescence (Berghof GmbH), which
was installed in the sample chamber of the Fluorolog-3. The accuracy
was estimated to be ±10%.
Quantum Chemical Calculations. Calculations were made with

TURBOMOLE,36,54 employing Becke’s three-parameter hybrid func-
tional with Lee−Yang−Parr correlation (B3LYP)55,56 and polarized
double-ζ valence basis sets def2-SV(P)57 within the RI-J approx-
imation58 throughout. Electronic excitations were obtained from time-
dependent calculations.59 Stokes shifts were calculated as the
differences in the lowest excitation energies for the ground state
and the excited-state structure. Contributions of atomic to molecular
orbitals were obtained from Mulliken population analyses.60 The
character of the electronic excitation bands was visualized using the
nonrelaxed transition densities as described previously.61
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