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(Abstract: To develop new and flexible Cu' containing lumi-
nescent substances, we extend our previous investigations
on two metal-centered species to four metal-centered com-
plexes. These complexes could be a basis for designing new
organic light-emitting diode (OLED) relevant species. Both
the synthesis and in-depth spectroscopic analysis, combined
with high-level theoretical calculations are presented on a
series of tetranuclear Cu' complexes with a halide containing
Cu,X, core (X=iodide, bromide or chloride) and two 2-(di-
phenylphosphino)pyridine bridging ligands with a methyl
group in para (4-Me) or ortho (6-Me) position of the pyridine
ring. The structure of the electronic ground state is charac-
terized by X-ray diffraction, NMR, and IR spectroscopy with

the support of theoretical calculations. In contrast to the
para system, the complexes with ortho-substituted bridging
ligands show a remarkable and reversible temperature-de-
pendent dual phosphorescence. Here, we combine for the
first time the luminescence thermochromism with time-re-
solved FTIR spectroscopy. Thus, we receive experimental
data on the structures of the two triplet states involved in
the luminescence thermochromism. The transient IR spectra
of the underlying triplet metal/halide-to-ligand charge trans-
fer (M/XLCT) and cluster-centered (3CC) states were ob-
tained and interpreted by comparison with calculated vibra-
tional spectra. The systematic and significant dependence of
the bridging halides was analyzed. )

Introduction

Luminescent transition metal complexes with binuclear Cu'
halide core structures have been extensively studied in the last
few years, as they show remarkable photophysical properties
and are very promising candidates for organic light-emitting
diodes (OLEDs).'"™ A large variety of binuclear systems with a
butterfly-shaped Cu,l, core unit and quantum yields of nearly
100% have been developed. These systems are capable of
thermally activated delayed fluorescence (TADF) so that almost
all excitons are harvested via the singlet state through reverse

intersystem crossing already at room temperature. In this con-
text, a broad range of copper complexes with 2-(diphenylphos-
phino)pyridine (PyrPhos) or a derivative as bridging ligand
have been designed. Recently, the first binuclear Cu' complexes
with a synchronous singlet and triplet harvesting by combin-
ing TADF and fast phosphorescence have also been pub-
lished.”" ' |t was shown that the relative contribution of
both luminescence pathways can be modulated by exchang-
ing the halides. Additionally, highly luminescent cyclic trinu-
clear Cu' complexes have been developed.™™
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At the same time, analogous tetranuclear clusters have been
reported, which are formally built up by combining two Cu,l,
subunits.'"*"*% At this point, it is important to mention that
the very first OLED based on Cu' contained the tetranuclear
complex Cu,(C=Cph),L, (L = 1,8-bis(diphenylphosphino)-3,6-di-
oxaoctane).”” Lu et al. reported on a highly luminescent tetra-
nuclear system with a Cu,Cl, core and 2-(bis(2-methyl-phenyl)-
phosphino)-6-methylpyridine as bridging ligand, showing a
combination of TADF and fast phosphorescence at room tem-
perature.™ It was also shown that the luminescence properties
can be tuned by modulation of the Cu,X, cluster core (X=
iodide, bromide, chloride) of systems with 2-(diphenylphosphi-
no)pyridine bridging ligands®” and coordination polymers
with stair-step [Cu,X,] fragments.”® Thompson et al. presented
a series of Cu,l, clusters supported by similar PAN-type ligands
(2-[(diRphosphino)methyllpyridine) and reasoned that the
emission behavior is controlled by the bulkiness of these li-
gands.”

Many years ago, Hardt etal. have already reported Cu,l,
clusters with pyridine ligands showing a strongly temperature
dependent luminescence.*® Deeper studies on these cubane-
shaped clusters were performed later by Ford and coworkers,
who applied more elaborated spectroscopic and theoretical
methods."®*"" These remarkable temperature-dependent lumi-
nescence properties are mostly known from complexes with
Cu,l, cubane-like core structures and monodentate phosphine
or N-donating ligands.™"7-'%22 However, luminescence ther-
mochromism with dual phosphorescence has been observed
only for a very small number of tetranuclear Cu,X, clusters of
approximatively octahedral shape.?*?":2

In this context, we developed and synthesized a series of Cu!'
complexes with a Cu,X, cluster core containing iodide, bro-
mide or chloride centers and considering 2-(diphenylphosphi-
no)-pyridine with a methyl substituent in para (4-Me) or ortho
(6-Me) position of the pyridine as bridging ligands (Scheme 1).
The complexes were synthesized according to protocols relat-
ed to the synthetic procedures described in the literature with
the ligand and the corresponding Cu' salt as starting materials
(see synthetic procedures in the Experimental Section and in
the Supporting Information)."** Interestingly, the differences
between the luminescence properties of the neat powders
of the synthesized complexes Cu,l,(4-Me),, Cu,l,(6-Me),,
Cu,Br,(6-Me), and Cu,Cl,(6-Me), are already obvious by the

N__PPh, C
2,7 + 4CUK ———— > |/;
v CH,Clp, it, 121\
R

R = para-Me (4-Me)
ortho-Me (6-Me) ‘
X =1, Br, Cl

CuyX,(6-Me),

Cugly(4-Me),

Scheme 1. Synthesis of the tetranuclear Cu' complexes Cu,l,(4-Me),,
Cu,l,(6-Me),, Cu,Br,(6-Me), and Cu,Cl,(6-Me),.
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naked eye under UV light with
colors ranging from pale yellow
over orange to green (Figure 1).

Intrigued by these observations
and the rare luminescence thermo-
chromism reported for some sys-
tems with Cuyl, octahedral core
structures, we performed thorough
spectroscopic  investigations in
combination with high-level quan-
tum chemical calculations to ach-
ieve a deeper understanding of
these extraordinary photophysical
properties. The structures of the
electronic ground states were ana-
lyzed by X-ray diffraction, NMR (see
descriptions in the Supporting In-
formation, Figures S1-S6), and IR
spectroscopy, in combination with theory. The temperature-de-
pendent emission properties were characterized by static and
time-resolved luminescence measurements.

The main idea was to obtain structural information on the
electronically excited states involved in this thermochromism.
No experimental studies in this direction have been performed
so far to the best of our knowledge, as the reports only refer
to theoretical calculations for this issue.">™”

The involved luminescent states are generally long-lived trip-
let states so that time-resolved step-scan FTIR spectroscopy
(nanosecond to microsecond time scale) is a very suitable tool
to analyze the electronically excited states. We already applied
this technique successfully to a series of transition metal com-
plexes, including several binuclear Cu,l, complexes.'®%3234 On
the basis of quantum chemical calculations with respect to rel-
ative energies and molecular orbitals the high and low energy
emission bands of such Cu,l, clusters are assigned to transi-
tions from triplet metal/halide-to-ligand charge transfer
(M/XLCT) states and cluster-centered (*CC) states to the
ground state in the vast majority of cases.'®'>'%222.28 Eor g
series of presented compounds within this work the relative
population of these electronically excited states can be modu-
lated by changing the temperature. Thus these species are
ideal benchmark models to separately characterize two long-
lived electronically excited states of a single complex by step-
scan FTIR spectroscopy.

CuyCly(6-Me),

CuyBry(6-Me),

3%
Cugls(6-Me);

Figure 1. Powder samples of
the tetranuclear Cu' com-
plexes at day light (left) and
under UV light (right).

Results and Discussion
Crystallography

Molecular structures of the tetranuclear Cu' complexes
Cu,l,(4-Me),, Cu,l,(6-Me), and Cu,Cl,(6-Me), were obtained by
X-ray diffraction analysis of the single crystals (Figures 2, S7-
$10). In general, the copper halide core structure is held in be-
tween two methylated 2-(diphenylphosphino)pyridine bridging
ligands. In both cases, the phosphorous atom of one ligand is
located opposite to the nitrogen atom of the second ligand
and both structures have a triclinic crystal system with space

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Molecular structures of Cu,l,(4-Me), (left) and Cu,l,(6-Me), (right).
Hydrogen atoms and solvent molecules are omitted for clarity.

group P1. While for Cuy,l,(4-Me), the inversion center is located
in between the complexes, complex Cu,l,(6-Me), is located di-
rectly on an inversion center, resulting in C; symmetry for
Cu,l,(6-Me),. The tetranuclear complex Cu,l,(4-Me), only
shows approximately C; symmetry. All possible Cu.l, subunits
that can be built of the metal halide Cu,l, core show the but-
terfly shape known from the widely investigated dinuclear Pyr-
Phos Cu' complex systems. Facing the tetranuclear structures
by a frontal view towards the pyridine ring of the bridging
ligand, iodide 11 and 12 of Cu,l,(4-Me), are congruent, whereas
for Cu,l,(6-Me), the inner iodides 11 and I1’ are shifted out-
wards from the center. The iodides |11 and 12 of Cu,l,(4-Me),
are bridging the same four Cu' atoms each (u,). In comparison,
the iodides 11 and 11" of Cu,l,(6-Me), connect only three Cu'
atoms each ().

While the parallelogram which is drawn via the Cu' atoms of
Cu,l,(4-Me), has angles in the range close to a rectangle, with
93.4° (Cu4-Cu1-Cu2) for one of the wider angles, the parallelo-
gram resulting in Cu,l,(6-Me), is much more stretched (57.7°
up to 118.2°). Regarding the Cu—Cu distances, the values
found for Cu,l,(4-Me), (2.54 A-2.76 R) are only slightly shorter
compared to Cu,l,(6-Me), (2.66 A-2.76 A) and are in the
normal range for this kind of tetranuclear complexes.'*?" Inter-
estingly, the Cu—Cu distances in Cu,l,(6-Me), are a bit shorter
compared to the chloride analogue Cu,Cl,(6-Me), of this series
and the literature known tetranuclear complex Cu,Cl, with 6-
methyl-2-bis(4-methylphenyl)pyridine as bridging ligand, both
with the smaller chloride atoms.'" In general complex
Cu,Cl,(6-Me), has the same core structure as the iodide com-
plex Cu,l,(6-Me), (Figures S7 and S10). For more selected pa-
rameters of the molecular structures in this study, see Tables 1,
S1 and S2. Deposition Numbers 1992241, 1992242, and
2021079 (Cu,l,(4-Me),, Cu,l,(6-Me),, and Cu,Cl,(6-Me),, re-
spectively), contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fach-
informationszentrum  Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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Table 1. Selected molecular structural parameters of the complexes
Cu,l,(4-Me), and Cu,l,(6-Me),, bond lengths [A] and angles [].

Cu,l,(4-Me), Cu,l,(6-Me),

Lengths [A]

Cul—-Cu4 2.5385(18) Cul—Cu2’ 2.6676(9)
Cul—Cu2 2.760(2) Cul—Cu2 2.7483(9)
Angles [°]

Cu4-Cu1-Cu2 93.42(6) Cu2’-Cu1-Cu2 118.18(3)
Cu1-Cu4-Cu3 86.36(6) Cu2-Cul-Cul’ 57.67(3)

UV/Vis absorbance studies

All the UV/Vis absorbance spectra were measured in dichloro-
methane (CH,Cl,) under identical conditions for direct compari-
son. The complexes show unstructured absorbance spectra
with an absorption onset at about 400 nm and weak shoulders
at 300 nm and 265 nm (Figure S11). These shoulders are more
pronounced for the systems Cu,X,(6-Me), with 6-MePyrPhos
bridging ligands than for the complex Cu,l,(4-Me),. The extinc-
tion coefficients increase with the halide mass but the halide
exchange has almost no influence on the absorbance pattern.

For comparison with theory, the S, ground states of
the series Cu,l,(4-Me),, Cu,l,(6-Me),, Cu,Br,(6-Me), and
Cu,Cl,(6-Me), were optimized with density functional theory
(DFT) (B3LYP-D3(BJ)/def2-TZVP), and two minimum structures
were found for each complex. For all the four complexes one
of these two isomers is C; symmetric and is similar to the crys-
tal structure (Figure 2), while the other is either open or closed
butterfly-shaped (Figure 3). Throughout this work all structures
with distances of 3.2 A-3.7 A between the N-coordinating Cu'
centers are referred to as open butterfly structures, while struc-
tures with smaller distances of 2.6 A-2.7 A are termed as
closed butterfly. For Cuy,l,(4-Me),, Cu,l,(6-Me),, Cu,Br,(6-Me),
and Cu,Cl,(6-Me), the C; symmetric structure is energetically
higher by 5.1kimol™, 11.5kimol™, 204 klmol™" and
27.5 kJmol™' compared to the lowest energy butterfly-shaped
structure. The closed butterfly structure is the most stable one
only for Cu,l,(4-Me),, whereas the Cu,X,(6-Me), complexes
yielded the open butterfly structure as the most stable isomer,
according to the B3LYP-D3(BJ)/def2-TZVP optimizations. The
UV/NVis spectra of both isomers for the whole series from

Figure 3. Open (left) and closed (right) butterfly structure of the different T,
states of Cu,l,(6-Me),. While the open structure is similar to the S, ground
state, the closed structure shows a sharper dihedral angle a and a smaller
distance between Cu2’ and Cu2. (¢ =97.7°/70.2°, d=3.641 A/2.643 A).

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Cu,l,(4-Me), to Cu,Cl,(6-Me), were computed with time-de-
pendent density functional theory (TDDFT) using CAM-
B3LYPB*/def2-TZVP (Figure S12) and the spectra of both iso-
mers agree well with the experimental spectrum as they show
absorption bands around 265 nm and 300 nm and vanish at
around 400 nm. The UV/Vis spectra were also calculated within
the framework of the eigenvalue self-consistent GW approxi-
mation®® with the correlation augmented Bethe-Salpeter
equation®-*¥ (evGW/cBSE) and also this approach suggests
similar UV/Vis spectra for both isomers (Figure S13) with bands
at 265 nm and 300 nm, so a final decision on which isomer is
favored in solution cannot be made based on the computed
UV/Vis spectra.

Luminescence investigations at variable temperature

At first, luminescence investigations were performed in the
solid state at room temperature to elucidate the influence of
the halide exchange and the bridging ligands on the emission
behavior. The emission spectra shown in Figure 4 were record-
ed in KBr matrices at an excitation wavelength of 1,,=355 nm.
The complex Cuyl,(4-Me), shows a broad unstructured emis-
sion centered at 529 nm. The band shape of the luminescence
of the analogue system Cu,l,(6-Me), with a methyl group in 6-
position of the bridging ligand is similar but significantly red-
shifted to 593 nm. Surprising results were obtained upon
halide exchange for the complexes Cu,Br,(6-Me), and
Cu,Cl,(6-Me),, as their emission spectra show shoulders in ad-
dition to the main band. The emission maxima of the main
bands of the bromide and chloride systems are localized at
600 nm and 505 nm, respectively. The shoulders, for their part,
are situated at about 515 nm and 600 nm. This emission pat-
tern is a clear sign for a dual emission from two different elec-
tronically excited states with inverted relative intensities by
comparing the complexes Cu,Br,(6-Me), and Cu,Cl,(6-Me),.

Intrigued by these promising emission properties already at
290K, we conducted temperature-dependent luminescence
experiments with KBr pellets and neat films of the samples in
the temperature range of 10 K-290 K.

v/em?
24000 22000 20000 18000 16000 14000
1241 | L 1 L L
KBr, T=290K
10 529 593600 lex =355 nm
X - - -~ -Cuyl,(4-Me),

g J Cu,l,(6-Me),
§ 0.8 —— Cu,Br,(6-Me),
g Cu,Cl,(6-Me),
E 06
3
E
S 04
=4

02"

0.0 T T T T T T T
400 450 500 550 800 650 700 750 800

Afnm

Figure 4. Solid state emission spectra (KBr) of Cu,l,(4-Me),, Cu,l,(6-Me),,
Cu,Br,(6-Me), and Cu,Cl,(6-Me), recorded at 290 K with A,,=355 nm.
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The emission maximum of the complex Cu,l,(4-Me), is
mostly temperature independent, as only a small blueshift of
6 nm was observed upon cooling down the sample to 10K
(Figure S17). This spectral shift may result from an inhibition of
the excited state relaxation in the rigid matrix at low tempera-
ture, which is known from the literature as “rigidochromism”.%
Additionally, it should be mentioned that the characteristic
redshift observed for the related binuclear Cu' complexes
showing TADF is not observed here, which is a clear indication
that such a mechanism does not occur in the case of
Cu,l,(4-Me),. The emission intensity more than doubles by
cooling down the sample from 290K to 10 K, which means
that non-radiative deactivation channels must be efficiently in-
hibited at low temperature. This is also reflected by the lumi-
nescence lifetimes measured by time-correlated single-photon
counting (TCSPC), which rise from 5 ps to 24 ps upon cooling
(Table S4, Figures S18 and S19). As the temperature-dependent
emission spectra do not agree with a TADF process, the lumi-
nescence with microsecond lifetimes over the complete tem-
perature range (10 K-290 K) is clearly assigned to phosphores-
cence. In contrast, the emission behavior of the Cu,X, com-
plexes with 6-MePyrPhos bridging ligands strongly depends on
temperature. For the iodide containing system Cu,l,(6-Me),
the initial room temperature emission at 593 nm redshifts to
621 nm and slightly increases in intensity, when the sample is
cooled down to 90 K (Figure 5a). This shift indicates subtle
changes of the electronic properties of the underlying excited
state, which are attributed in literature to a shortening of the
Cu--Cu bond lengths in the cluster for similar Cu,l, systems
with phosphine ligands.">'*?? At the same time, a blue emis-
sion band starts to emerge at around 500 nm, which is visible
at temperatures equal to or below 130 K. At 10K, only the
blue emission is observed in the spectrum, with a maximum at
479 nm and complete disappearance of the low energy emis-
sion band. At this point, it is important to mention that the
blue emission reaches an intensity that is more than four times
higher than the luminescence at 290 K, which should again
result from an inhibition of non-radiative deactivation process-
es at low temperature. The described temperature-dependent
emission properties show that the system has a pronounced
excited state thermochromism with two distinct emissive excit-
ed states, which are clearly separated in energy. TCSPC mea-
surements were then performed for both emission bands,
where excited state lifetimes of 16.0 pus-56.0 pus (contributing
>95%) were obtained for the low energy emission (emission
monochromator set to 593 nm-622 nm, depending on temper-
ature) in the temperature range of 290 K-70 K. At the same
time, the blueshifted emission (emission monochromator set
to 479 nm-492 nm, depending on temperature) shows time
constants of 12.7 us-19.6 us (contributing >88%) at tempera-
tures of 70 K-10 K. These values clearly suggest dual phosphor-
escence from two different excited triplet states and are listed
in detail in Table S5 (Figures S20 and S21). In particular, the
time constants of 12.7 us and 56 ps measured for the high and
low energy bands at 70 K, where both emission bands show
significant intensities, underline the presence of two isolated
electronically excited states.

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Emission spectra (KBr) of a) Cu,l,(6-Me),, b) Cu,Br,(6-Me), and
¢) Cu,Cl,(6-Me), in the temperature range of 10 K-290 K recorded with
Aex=355 nm.

The same static and time-resolved luminescence experi-
ments were then performed using neat films of Cu,l,(6-Me),,
where the same thermochromism was observed (Figure S22,
Table S6). Hence, the influences of the matrix on the emission
properties are not relevant here.

In the next step, the variable temperature luminescence
studies were extended to the analogues Cu,Br,(6-Me), and
Cu,Cl,(6-Me), showing dual emission in KBr already at room
temperature, as described above.
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For the bromide system Cu,Br,(6-Me), (Figure 5b), the initial
room temperature emission at 600 nm also redshifts upon
cooling, reaching 616 nm at 170 K. At the same time, the in-
tensity of the mentioned blueshifted shoulder clearly increases
in intensity at temperatures of 170K and below. The low
energy emission completely vanishes at 30 K, whereas the blue
emission band, centered at 497 nm, reaches an intensity which
is more than three times higher compared to the initial room
temperature emission. The observed emission spectrum is as-
signed to two distinct emissive triplet states, in accordance
with two mainly contributing ps-components observed at
room temperature at 510 nm (2.5 us (31%) and 15.2 ps (54 %))
and 600 nm (3.6 pus (13%) and 23.0 ps (82%)) (Table S9, Figures
S23 and S24). The essentially biexponential behavior results
from the overlapping emission bands.

Similar behavior is also observed for the chloride complex
Cu,Cl,(6-Me), (Figure 5¢), where the low energy emission,
which is weak compared to the high energy emission already
at 290 K, completely vanishes at a temperature of 90 K. The
TCSPC results at room temperature at 510 nm (2.2 us (43 %)
and 100 ps (46%)) and 610 nm (2.1 ps (23%) and 16.8 us
(71%)) are assigned to dual phosphorescence (Table S10, Fig-
ures S25 and S26).

Temperature-dependent excitation spectra were recorded
for the four systems by considering the corresponding emis-
sion maxima. The excitation spectra show onsets between
435 nm and 490 nm, depending on the system, temperature
and the emission peak (Figures S28-S31). At low temperature,
slightly higher energy UV excitation is required for an efficient
population of the emissive states compared to room tem-
perature. Considering the three dual-emissive complexes
Cu,X,(6-Me),, it should be mentioned that the excitation spec-
tra of the high and low energy emission bands are slightly
shifted relative to each other (Figures S28-S31), but that the
relative intensity of the two emission bands cannot be modu-
lated strongly by tuning the excitation wavelength.

Summarizing the variable temperature luminescence data, it
can be said that all the three tetranuclear systems with 6-Me-
PyrPhos bridging ligands show a pronounced thermochromism
with two emissive triplet states, whereas only a single mostly
temperature-independent emission was observed for the com-
plex Cu,l,(4-Me),. Hence, the luminescence behavior is strong-
ly influenced by the position of the methyl group on the
bridging ligand. The methyl group in 6-position exerts steric
pressure on the Cu,X, cluster (see chapters on crystallography
and IR spectroscopy), which is responsible for the thermo-
chromism. At the same time, the dual phosphorescence is not
observed for the complex with 4-MePyrPhos ligands in combi-
nation with the lower steric hindrance close to the Cu,X, clus-
ter. For the series Cu,X,(6-Me), the halide exchange has a
small but significant influence on the emission wavelengths. At
room temperature, the exchange of iodide against bromide or
chloride induces a redshift of the low energy emission from
593 nm to 600 nm (Figure 4). A more pronounced redshift is
observed for the high energy emission at 10 K, with a shift
from 479 nm for iodide to 505 nm for the chloride system. The
emission band of the bromide complex appears in between

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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these two with a maximum at 497 nm (Figure S27). At the
same time, the halide centers have a big influence on the rela-
tive intensities of high and low energy bands. Thermal energy
has a huge impact on the population of the emissive triplet
states according to the luminescence investigations at variable
temperature. The relative intensities of the observed emission
bands show that thermal energy is sufficient to induce a popu-
lation of the low energy emitting triplet state at 290 K. In the
case of Cuyl,(6-Me),, this low triplet state is efficiently populat-
ed, so that no high energy emission is observed at all. Howev-
er, the blue emission is observed already at room temperature
for Cu,Br,(6-Me), and to an even higher extent for
Cu,Cl,(6-Me),, which should result from a higher energy barri-
er between the discussed triplet states and thus kinetic trap-
ping in the mentioned higher energy state. The relative inten-
sities of both emission bands suggest that the energy barrier
from the energetically higher triplet state to the lower one in-
creases from iodide over bromide to chloride. The low thermal
energy at 10K is insufficient to overcome this energy barrier,
so that exclusively the high energy emission is observed for all
the three complexes Cu,X,(6-Me),. The presented descriptions
are summarized in a simplified qualitative Jablonski diagram
(Figure 6).

290 K

r r

Figure 6. Qualitative energy diagram of the complexes Cu,X,(6-Me),, where
the blue 3M/XLCT emission at 10 K (left) and the red *CC emission at 290 K
(right) are represented.

In the next step, further evaluations were performed to get
a rough estimation of the mentioned energy barriers from the
experimental data. The relative luminescence intensities were
considered and the obtained trend for the barriers is in accord-
ance with the suggestions elucidated above. The graphical
analysis is described in more detail in the Supporting Informa-
tion (Figure S32).

To gain a deeper insight into the thermochromism, the
structures of the first excited triplet state (T,) were determined
for all four complexes with TDDFT. For the complexes with
6-MePyrPhos bridging ligands, two T, structures termed as
open and closed butterfly (Figure 3) were found, while for
Cu,l,(4-Me), only the closed butterfly structure was found. The
closed butterfly is more stable by 22.3klmol™' and
9.3 kJmol™" for Cu,l,(6-Me), and Cu,Br,(6-Me),, respectively.
At the same time, Cu,Cl,(6-Me), shows different behavior. The
open butterfly structure is, in comparison, stabilized by
2.6 kJmol™', which underlines the differing observation shown
in Figure 5 with the open butterfly complex being already pre-

Chem. Eur. J. 2021, 27, 1-15 www.chemeurj.org

6

dominantly occupied at higher temperatures. Using TDDFT
under consideration of the optimized T, structures only
*M/XLCT transitions at around 735 nm (Table S3) were found
when calculating the transition density of the lowest triplet ex-
citation of the T, open butterfly structures (Figure S14), while
the energetically favored closed butterfly structures showed
exclusively 3CC transitions between 800 nm and 900 nm (Fig-
ure S15 and Table S3). These findings suggest that the emission
from the closed butterfly structure can be assigned to the low
energy band observed at high temperature, while the blue
emission band at low temperatures corresponds to the open
butterfly structure as the emissive state. This behavior results
from the fact that the barrier between the two structures
cannot be overcome anymore, which is in agreement with the
previously discussed experimental results. The lowest triplet
excitations were shifted around 780 nm and 590 nm using
evGW/cBSE-CAM-B3LYP (Table S3), improving the agreement
with the experiment even further.

As already mentioned, the relative intensities in the temper-
ature-dependent luminescence spectra (Figure 5) suggest in-
creasing barriers between the two emissive states by going
from Cu,l,(6-Me), over Cu,Br,(6-Me), to Cu,Cl,(6-Me),. To
obtain rough estimates of the theoretical barrier heights the
reaction paths between the open and closed butterfly struc-
tures were computed with TDDFT. The calculated trend is in
good agreement with the experimentally observed relative
emission intensities since the theoretical estimates are
2140cm™  (25.6kJmol™), 2339cm™ (28.7kIJmol™") and
4656 cm™' (55.7 kimol™") for Cu,l,(6-Me),, Cu,Br,(6-Me), and
Cu,Cl,(6-Me),, respectively. The barrier heights correlate well
with the energy differences between the open and closed but-
terfly structures, in accordance with the Bell-Evans—Polanyi
principle.***" A deeper understanding of the barrier heights
was obtained by computing the transition densities of the
lowest triplet excitation along the reaction paths. Each path
was generated with 14 structures including the open and
closed butterfly structures, so 12 additional structures in total.
Starting from the open butterfly structure the lowest triplet ex-
citation shows clear *M/XLCT character (Figures 7 and S14) as
discussed previously, while the guess structure highest in
energy has mixed *M/XLCT and 3CC character. This guess struc-
ture is the 5™ for Cu,l,(6-Me),, 6" for Cu,Br,(6-Me), and 7% for
Cu,Cl,(6-Me), (Figures 7 and S16). This correlates well with the
barrier heights as Cu,l,(6-Me), with the lowest barrier height
has the earliest maximum along the reaction path, while
Cu,Cl,(6-Me), with the highest barrier has the latest maximum
and Cu,Br,(6-Me), is in between, in accord with Hammond's
postulate.l*"+?

The presented assignment of the dual emission to the lumi-
nescent *CC and 3M/XLCT states agrees with the thermochro-
mism of similar tetranuclear copper halide clusters described
in earlier reports.l'%'>'%2223 The literature-known initial popula-
tion of the 3M/XLCT state followed by a thermal population of
the energetically lower *CC state (after overcoming an energy
barrier) is confirmed here for the systems Cu,X,(6-Me), by
combining luminescence measurements at variable tempera-
ture with high-level quantum chemical calculations.
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Figure 7. lllustration of the reaction path between the open and closed but-
terfly structures and transition densities of the lowest triplet excitation of
Cu,l,(6-Me), at the open butterfly structure, the guess structure highest in
energy and the closed butterfly T, structure.

Luminescence of solutions and neat powders

The emission spectra of the four presented complexes in etha-
nol EtOH are in good agreement with the KBr data and are de-
picted in Figure 8. It is important to mention that the dual
emission of Cu,Br,(6-Me), at room temperature is clearly visi-
ble in EtOH solution with a main band at 605 nm and a very
pronounced shoulder at about 480 nm. The emission pattern
is preserved over 48 h so that this shoulder should not result
from degradation in EtOH solution (Figure S38). The corre-
sponding excited state lifetimes were determined to 25 pus and
30 us for both emission features, which confirms the dual
phosphorescence observed in the KBr matrix. The chloride
complex shows a luminescence maximum at 491 nm with a
redshifted tail up to 750 nm, which may result from a second
emissive state. All the lifetimes in EtOH are equal or higher to
8.5 us (Tables S7-S9) and are assigned to phosphorescence. At
this point, it should be mentioned that no reliable TCSPC
measurements could be performed in EtOH for the complex
Cu,Cl,(6-Me), due to poor stability.

v/em?
24000 22000 20000 18000 16000 14000
12 1 1 1 1 1 1
EtOH, RT
49 605 - ---Cu,l,(4-Me),
2
104 ,‘}85‘ \ 3 — Cu,ly(6-Me),
g N —— Cu,Br,(6-Me),
g o8- ¥ \ Cu,Cl,(6-Me),
e ' \
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L
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Figure 8. Emission spectra in EtOH of Cu,l,(4-Me), (4., =340 nm),

Cu,l,(6-Me), (1.,=360 nm), Cu,Br,(6-Me), (1.,=360 nm) and Cu,Cl,(6-Me),
(Aem=1380 nm) recorded at 290 K.
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Similar emission spectra were obtained of neat powders of
the four samples (Figure S33). The lifetimes of 8.6 pus-35.3 s at
the emission maximum are all assigned to phosphorescence,
the longest lifetime being reached for the bromide system
Cu,Br,(6-Me), (Table S11). The luminescence quantum yields
were determined for the powder samples, where an interesting
trend was observed for the complexes with 6-MePyrPhos
bridging ligands. A very high quantum yield of 93 % is reached
for the iodide containing complex Cu,l,(6-Me),, while the relat-
ed bromide and chloride systems show values of 65% and
33%, respectively. The very high quantum vyield of 93% for
Cu,l,(6-Me), is known from the related binuclear complexes
with a butterfly-shaped Cu,l, core and phosphine ligands.”*™
The system Cu,l,(4-Me), with 4-MePyrPhos bridging ligands
shows a lower quantum yield of 58% (Table S11).

Additionally, the four systems were analyzed with respect to
luminescence mechanochromism by recording luminescence
spectra of neat powders before and after applying a pressure
of 0.75 GPa (Figures S34-S37). Pressure induces a slight redshift
of the emission maximum of Cu,l,(4-Me), by 4 nm and a small
increase of the low energy emission band relative to the domi-
nating blue emission in the case of Cu,Cl,(6-Me),. The systems
Cu,l,(6-Me), and Cu,Br,(6-Me), show no mechanochromic
effect. The mechanochromism with an impact of hydrostatic
pressure on the luminescence properties is known from related
Cu,l, clusters and is mainly explained by a shortening of the
Cu—Cu bond lengths in the clusters according to literature,
which is however beyond the focus of this work.['%4]

The emission spectra in CH,Cl, strongly differ from the lumi-
nescence in the solid state and EtOH solution (Figure S39). The
main emission band of the complex Cu,l,(4-Me), is redshifted
to 680 nm, with a shoulder at 540 nm. A lifetime of 2.3 us
—3.6 us was measured at 680 nm by TCSPC, depending on the
excitation wavelength (Table S7). This is a clear indication for
phosphorescence, whereas the lifetime at 540 nm is situated in
the sub-microsecond region. Hence, the mentioned shoulder
may be assigned to exciplex formation.

The described redshift of the luminescence of Cu,l,(4-Me),
in CH,Cl, is not observed for the system Cu,l,(6-Me), with
almost identical spectra independent of the medium (emission
maxima at 593 nm, 592 nm and 590 nm in KBr, EtOH and
CH,Cl,, respectively) and throughout lifetimes on the microsec-
ond time scale (Table S8). Hence, the emissive triplet structures
have to be very similar in CH,Cl, and EtOH solution. However,
the bromide and chloride analogues also show the strong red-
shift described above for Cu,l,(4-Me),, with the main emission
band being split into two close-lying emission peaks separated
by 730 cm™" for Cu,Br,(6-Me), and 815 cm™' for Cu,Cl,(6-Me),
(Figure S39). These features may be assigned to a vibrational
progression, which is consistent with the almost identical time
constants obtained for both emission maxima, that are again
in accordance with phosphorescence (Tables S9 and S10). Addi-
tionally, the bromide containing system shows a shoulder at
544 nm, whose relative intensity decreases over time, so that
this feature cannot be assigned to the proper complex (Fig-
ure S40).
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In the context of the luminescence studies in solution, it is
important to mention that the ground state FTIR spectrum of
Cu,Cl,(6-Me), in CD,Cl, solution is almost identical to the solid
state IR spectrum (Figure S41), confirming the presence of the
intact species also in liquid solution. At the same time, the sim-
ilar luminescence data in KBr, neat powder and EtOH as well as
their lifetimes confirm the stability of the complexes in solu-
tion (Tables S7-S10). Additionally, it should be mentioned that
clean NMR spectra were obtained in [Dg]DMSO solution (Fig-
ures S1-56).

Furthermore, (unrestricted) DFT structure optimizations of
the S, and the T, states via the COSMO model were conducted
in CH,Cl, and EtOH. The most important result with respect to
the relative energies is that the closed butterfly T, structures
are at least 50 kJmol~' lower in energy than the corresponding
C; symmetric T, structures (Table S17). The relative trends
found for the energy gaps between the S, and closed butterfly
T, structures agree with the observed emission spectra. The
energy differences in CH,Cl, are slightly smaller for
Cu,l,(4-Me),, Cu,Br,(6-Me), and Cu,Cl,(6-Me), compared to
EtOH by up to 3.1 kJmol~". At the same time, the S,~T, energy
gap is almost completely unaffected by the solvent for
Cu,l,(6-Me),, in accordance with the emission spectra. This is a
further indication that only one triplet structure (closed butter-
fly) is present in solution.

Temperature-dependent step-scan FTIR investigations in the
solid state

Step-scan FTIR investigations were performed in the KBr matrix
to elucidate the structural changes involved in the excited
state thermochromism of the presented systems with 6-MePyr-
Phos bridging ligands. For this purpose, we performed step-
scan FTIR experiments on the series Cu,X,(6-Me), and consid-
ered the related system Cu,l,(4-Me), without thermochromism
as a reference. Considering the series Cu,X,(6-Me),, particularly
the compound Cu,l,(6-Me), is an ideal benchmark to probe
two different electronically excited states by step-scan FTIR
spectroscopy at 20 K and 290 K, as the luminescence investiga-
tions clearly showed a completely inversed population of the
long-lived electronically excited states by cooling down the
sample from 290 K to 20 K. The presented IR studies are sup-
ported by theoretical calculations to access profound structural
information, especially for the electronically excited states.

The calculated ground state IR spectra of the C; symmetric
and closed butterfly-shaped isomers of Cu,l,(4-Me), are very
similar and in very good agreement with the measured FTIR
spectrum (Figures 9 and S42), so that a clear assignment is not
possible by considering only the ground state IR absorption.
The IR spectra are recorded in KBr pellets, a technique that has
now also been established for transient IR spectrosco-
py."89334 The ground state FTIR spectra at 20 K and 290 K
are very similar and do not indicate pronounced structural
changes as a function of temperature (Figure S43). All the vi-
brations and calculated geometries of the four investigated
compounds are described in detail in the Supporting Informa-
tion.
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Figure 9. Step-scan FTIR spectrum 0 ps to 2 ps after excitation at

Aex =355 nm, ground state FTIR spectrum (KBr pellet, 20 K) and DFT calculat-
ed IR spectrum of Cu,l,(4-Me), (scaled by 0.975, FWHM =8 cm™', Gaussian
profile) (DFT/B3LYP-D3(BJ)/def2-TZVP).

In the time-resolved experiments, the sample was excited
with a 355 nm laser pulse and a step-scan difference spectrum
was recorded. The first 2 us after laser excitation are consid-
ered in the step-scan spectrum measured at 20 K, which is
shown in Figure 9. The negative bleach bands correspond to
the ground state vibrations and result from the depopulation
of the electronic ground state, whereas the positive bands are
assigned to the populated electronically excited state(s). As the
luminescence investigations clearly indicate phosphorescence
from the same triplet state, independent of temperature the
lowest excited triplet state T, should be populated. Thus, the
positive bands in the step-scan spectrum should result from
the lowest triplet state T,. The T, structures were optimized by
TDDFT under consideration of the described C; symmetric and
closed butterfly-shaped ground state geometries as input
structures, followed by harmonic frequency calculations to
obtain the corresponding IR spectra of the excited triplet
states. For a good comparison of the calculated T, spectra with
the measured step-scan spectrum, the experimental pure excit-
ed state spectra were generated by addition of 3% of the
ground state spectrum to the step-scan difference spectrum.
Hence, the negative bleach bands are suppressed and the pos-
itive features correspond to the IR spectrum of the observed
electronically excited state(s) without any contribution of the
electronic ground state. In contrast to the calculated S, spec-
tra, the calculated T, spectra of the C; symmetric and closed
butterfly-shaped structures show significant differences
(Figure 10). The IR spectrum of the closed butterfly structure is
in very good agreement with the experimental excited state
spectrum at 20 K, which is not the case for the C isomer. The
corresponding theoretical IR spectrum of this C structure
shows strong bands at 1011, 1057, 1227, 1284, 1355 and
1527 cm™, which are not observed experimentally.

The same step-scan experiment was then performed at
290 K, the obtained difference spectrum is depicted in Fig-
ure S44. For a better comparison between the transient IR ex-
periments at 20 K and 290 K, the pure excited state spectra
were generated by addition of 3% of the corresponding
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Figure 10. Experimental excited state spectrum at 20 K (addition of 3% of
the ground state spectrum to the step-scan difference spectrum) and calcu-
lated T, spectra (closed butterfly and C; structures) of Cu,l,(4-Me), (scaled
by 0.975, FWHM =8 cm™', Gaussian profile) (TDDFT/B3LYP-D3(BJ)/def2-
TZVP).

ground state spectrum to the step-scan spectrum to suppress
the negative bleach bands. The obtained excited state spectra
are very similar (Figure S45) so that they can be assigned to
the same excited triplet state. The small discrepancies (e.g.
slightly blueshifted bands and weak shoulder at 1457 cm™' at
20 K) should result from small structural changes due to the
higher thermal energy at 290 K and not from separate elec-
tronically excited states. Thus, the same triplet state is also ob-
served at 290 K and is in very good agreement with the corre-
sponding theoretical spectrum (Figure S46). At this point, it
should be mentioned that the calculated IR spectra of the
lowest electronically excited states S, and T, are almost identi-
cal (especially for the closed butterfly structure, Figure S47) so
that the S, state cannot be directly excluded from the discus-
sion from this point of view. However, the time-resolved lumi-
nescence measurements with a long decay time of 5 pus al-
ready at 290 K and static emission spectra without any redshift
of the emission at low temperature (typical for TADF) allow an
assignment to phosphorescence. For a deeper interpretation, it
has to be considered that, according to theory, only the closed
butterfly structure shows the measured almost temperature-in-
dependent low energy cluster-centered phosphorescence (Fig-
ure S17, Table S3). Hence, the observed long-lived electronically
excited state can be assigned unambiguously to the closed
butterfly-shaped T, state by combining time-resolved FTIR and
luminescence spectroscopy as well as theory. In this context, it
is probable that the complex molecules in the powder sample
of Cu,l,(4-Me), are of closed butterfly geometry also in the
electronic ground state, as huge structural changes must in-
stead occur upon UV excitation and population of the studied
triplet state. The C; symmetry may be favored in the crystal
matrix due to packing effects (see the paragraph on crystallog-
raphy).

In the next step, the transient FTIR investigations were ex-
tended to the complex Cu,l,(6-Me),, showing luminescence
thermochromism. The position of the methyl group slightly af-
fects the vibrational spectrum in the electronic ground state,

Chem. Eur. J. 2021, 27, 1-15 www.chemeurj.org

These are not the final page numbers! 22

9

especially between 1400 and 1600 cm™' (Figure S48). As de-
scribed above, two different isomers (C; symmetric and open
butterfly) were found with DFT, which have to be considered
here. The calculated S, spectra of both isomers of Cu,l,(6-Me),
are almost identical and in very good agreement with the ex-
periment, so that no clear assignment of one isomer to the in-
vestigated powder sample is possible from this point of view
(Figure S50). Additionally, the FTIR ground state spectrum is
barely influenced by temperature (Figure S49). Transient FTIR
spectroscopy was then performed at 20 K and 290 K, where
significant discrepancies were observed between the step-scan
difference spectra (Figures 11, S51 and S52). For a better com-
parison between the step-scan results at 20 K and 290 K the
pure excited state spectra were generated by addition of 1%
of the corresponding FTIR ground state spectrum to the step-
scan difference spectrum (Figures 12 and S53). Interestingly,
three intense bands are observed at 1402, 1267 and 1039 cm™’
in the excited state spectrum at 20 K, which are significantly
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Figure 11. Step-scan FTIR spectrum 0 ps to 2 ps after excitation at

Aex=1355 nm, ground state FTIR spectrum (KBr pellet, 20 K) and DFT calculat-
ed S, (C; symmetry spectrum of Cuyl,(6-Me), (scaled by 0.975,

FWHM =8 cm™', Gaussian profile) (DFT/B3LYP-D3(BJ)/def2-TZVP).
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Figure 12. Experimental excited state spectra at 20 K and 290 K (generated
by addition of 1%of the ground state spectrum to the step-scan spectrum),
as well as calculated T, spectra (open and closed butterfly structures) of
Cu,l,(6-Me), (scaled by 0.975, FWHM =8 cm™', Gaussian profile) (TDDFT/
B3LYP-D3(BJ)/def2-TZVP).

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202004539

redshifted (from 1402 cm™' to 1382 cm™'), much weaker (for
1039 cm™') or even completely absent at 290 K (for 1267 cm™)
(asterisks in Figures 12 and S53).

In Figure 12, the theoretical excited triplet IR spectra of the
found open and closed butterfly minima structures (see above)
are compared with the measured excited state spectra. At
20 K, the new excited state-specific experimental bands high-
lighted with asterisks in Figure 12 are only described by the
calculated spectrum of the open butterfly isomer. These in-
tense peaks are assigned to delocalized vibrational modes,
which are described in more detail in the Supporting Informa-
tion (Table S13). Simultaneously, the observed effects at 290 K
(e.g. redshift of about 20 cm™") can only be explained by con-
sidering the closed butterfly isomer (Figure 12). The same as-
signment is obtained by comparing the measured step-scan
difference spectra directly with the corresponding theoretical
difference spectra (T,-S,) (Figures S54 and S55).

At 20 K and thus for the open butterfly isomer, the underly-
ing electronic transition corresponds to a >M/XLCT charge
transfer from the cluster core of Cu,l,(6-Me), to one of the 6-
MePyrPhos ligands (Figures S14 and S79). This charge transfer
significantly affects the bond lengths in one of the bridging li-
gands and also leads to structural changes in the cluster core
(Table S26). Hence, the observation of this electronically excited
triplet state in the step-scan experiment at 20 K is in perfect
agreement with the intense blue emission seen in the lumines-
cence spectra at low temperature. Simultaneously, the assign-
ment of the closed butterfly isomer to the excited state IR
spectrum measured at 290 K is clearly following the observed
3CC low energy emission at higher thermal energy. In this case,
the electronic transition is limited to the cluster core, so that
the structural changes in the bridging ligands are smaller
(Table S27). This also explains that the features observed in the
excited state at 290 K are closer to those in the ground state
IR spectrum, whereas pronounced new bands appear at 20 K
upon UV excitation. Nevertheless, it has to be mentioned that
the closed butterfly core structure of the *CC state strongly de-
viates from the open butterfly Cu,l, cluster geometries of the
S, and 3M/XLCT states, which are quite similar. This behavior is
sketched in the simplified energy Scheme in Figure 6 by the
relative positioning of the potential curves along the abscissa
of the respective states. The analogous cluster geometries of
the S, and *M/XLCT states and hence the almost nested energy
potentials are responsible for the described kinetic trapping at
low temperatures.

It should be mentioned that the theoretical T, and S; IR
spectra are again very similar (Figure S56), but the long excited
state lifetimes of several microseconds (see paragraph on lumi-
nescence investigations) clearly disagree with a direct fluores-
cence from the S, state which should be in the region of nano-
seconds.

As the bromide and chloride analogues of Cu,l,(6-Me), also
showed the thermochromism in the temperature-dependent
luminescence investigations, step-scan measurements were
performed on these systems for comparison.

First of all, it should be mentioned that the ground state
FTIR spectra are hardly influenced by the halide exchange,
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which is very well reproduced by the theoretical calculations
(Figure S57). The calculated S, spectra of the found C; symmet-
ric and open butterfly minimum structures are very similar also
for Cu,Br,(6-Me), and Cu,Cl,(6-Me), (Figures S58 and S59).

At first sight, the step-scan difference spectra at 20 K and
290 K of the bromide and chloride systems show strong simi-
larities compared to those obtained for Cu,l,(6-Me), (Figures
S60-S63). For a better direct comparison, the experimental ex-
cited state spectra at both temperatures were generated and
depicted in Figure 13 (Figures S68 and S69). Indeed, all the
strong new bands observed at 20 K for the iodide complex
with thermochromic effects are also observed for the bromide
and chloride analogues (see asterisks in Figure 13). According
to the calculated excited triplet frequencies, the time-resolved
spectra at 290 K and 20 K are assigned to the closed and open
butterfly structures, respectively (Figures S64-5S67). However, it
should be noticed that the excited state-specific bands of
Cu,Cl,(6-Me), at 20 K (see asterisks in Figure 13) are weak rela-
tive to the other peaks, whereas these features are much
stronger for the iodide and bromide complexes. This observa-
tion may explain the absence of the mentioned bands at 290 K
in the case of Cu,Cl,(6-Me),, even if the luminescence spectra
indicate a significant population of the open butterfly triplet
state.

intensity / a.u.

intensity / a.u.

0.0 T T T T T T
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Figure 13. Experimental excited state spectra at 20 K and 290 K (generated
by addition of 1% of the ground state spectrum to the step-scan spectrum)
of Cu,Br,(6-Me), (bottom) and Cu,Cl,(6-Me), (top).

Finally, it can be concluded that the structural changes in-
volved in the thermochromism are mainly navigated by the
position of the methyl group on the bridging ligand. At the
same time, the halide exchange has only a rather small
influence on the structures of the excited triplet states (see
Supporting Information for structural parameters), but tunes
the energy barrier between these emissive *CC and
3M/XLCT states (cf. energy barriers).

Conclusions

In this work, we have presented the synthesis and a thorough
multi-spectroscopic characterization of a series of tetranuclear
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Cu' complexes with halide containing Cu,X, core units (X=
iodide, bromide and chloride) and 2-(diphenylphosphino)pyri-
dine (PyrPhos) bridging ligands with a methyl substituent in
para (4-Me) or ortho (6-Me) position. The experimental data
were interpreted in combination with high-level quantum
chemical calculations.

Interestingly, all three complexes with 6-MePyrPhos bridging
ligands showed a remarkable luminescence thermochromism
with dual phosphorescence from a metal/halide-to-ligand
charge transfer (M/XLCT) and a cluster-centered (*CC) triplet
state. The temperature-dependent luminescence investigations
revealed that both emissive triplet states are separated by an
energy barrier, whose magnitude is significantly influenced by
the halide exchange and has a massive impact on the thermo-
chromism. The luminophores showed temperature-dependent
emission spectra which cover the whole visible region. The
bridging ligands also have a very big impact on the photo-
physical properties; in contrast to the complexes with 6-MePyr-
Phos bridging ligands, the complex Cu,l,(4-Me), with a methyl
group in the para position of the bridging ligand did not show
this thermochromism.

A central aspect of this work is the structural characteriza-
tion of the long-lived electronically excited states involved in
the observed luminescence behavior. Time-resolved (transient)
step-scan FTIR spectroscopy in combination with DFT calcula-
tions turned out to be an ideal tool to identify the excited
structures of the solid samples of Cu,l,(4-Me), as well as the
series Cu,X,(6-Me), (X =iodide, bromide, chloride). As the rela-
tive population of the triplet states can be fully reversed in the
case of Cuyl,(6-Me), by cooling down the sample from 290 K
to 20 K, this complex was an ideal benchmark system to ana-
lyze two different electronically excited states of a single com-
plex by transient IR spectroscopy for the first time. The combi-
nation of a variety of spectroscopic methods including transi-
ent IR spectroscopy offers a unique tool to identify relative en-
ergies and (T-dependent) structures of electronically excited
states for a variety of efficient luminophores.

Experimental Section
Experimental details

Single crystal X-ray diffraction data were collected on an STOE
STADI VARl diffractometer with monochromated Ga Ko (A=
1.34143 A) radiation at low temperature. Using Olex2“? the struc-
tures were solved with the ShelXT"® structure solution program
using Intrinsic Phasing and refined with the ShelX'*” refinement
package using Least Squares minimization. Refinement was per-
formed with anisotropic temperature factors for all non-hydrogen
atoms; hydrogen atoms were calculated on idealized positions.
UV/Vis absorbance experiments were performed with a Lambda
900 UV/Vis spectrometer in CH,Cl, solutions that were measured in
10 mm path length quartz cells at 25°C. The solutions were pre-
pared using the common Schlenk technique with concentrations
in the range of 2x 107> m The spectra were recorded relative to the
pure solvent.

For the preparation of KBr pellets, the copper complexes (1.6 mg-
1.8 mg) were mixed with dry KBr (200 mg, stored in a compart-
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ment dryer at 80°C, purchased from Merck) and ground to a ho-
mogenous mixture. This mixture was filled in an evacuable pellet
die with a diameter of 13 mm and sintered at a pressure of
0.75 GPa at room temperature.

Neat films were prepared by spraying a fine suspension of the
compound in CH,Cl, on a CaF, substrate (13 mm diameter, 1 mm
thick), followed by evaporation of the solvent.

Steady-state luminescence measurements on KBr pellets, neat films
and neat powders were performed on a Horiba Jobin Yvon Fluoro-
Max-2 spectrometer. Temperature-dependent measurements were
performed using a closed-cycle helium cryostat (ARS Model DE-
202A) to cool down the sample to 20 K. The cryo cooler was
equipped with a pellet holder (copper) and CaF, windows. A
150 W xenon lamp was used for sample excitation and detection
was realized with a R928 photomultiplier detector. The spectral se-
lection was achieved with single grating monochromators in the
excitation and emission paths, respectively. Luminescence lifetimes
were determined by TCSPC (Time-correlated single-photon count-
ing) using a DeltaFlex (Horiba Scientific) spectrometer. Excitation
sources: NanoLED 390 (wavelength: 389 nm, pulse duration:
1.3 ns), NanoLED 350 (wavelength: 345 nm, pulse duration: <1 ns).
Long-wave pass filters (cutoff at 436 nm; 475 nm; 500 nm; 540 nm
or 600 nm) were set between sample and emission monochroma-
tor to suppress the influence of scattered excitation light. Decay
curves were analyzed by multiexponential fits with the software
ORIGIN®.

Static emission spectra in solution were recorded using a Fluorolog
3-22 1 (Horiba Jobin-Yvon) fluorescence spectrometer. Spectro-
scopic grade solvents were purchased from Merck and degassed
by multiple pump freeze cycles before usage. The solutions were
prepared using the common Schlenk technique with concentra-
tions in the range of 2x10°m and measured in Tcm x 1cm
quartz cuvettes. Lifetimes were determined by TCSPC using the
same setup as used for the KBr pellets. Excitation sources:
NanoLED 390 (wavelength: 389 nm, pulse duration: 1.3 ns),
NanoLED 350 (wavelength: 345nm, pulse duration: <1 ns),
NanoLED 320 (wavelength: 313 nm, pulse duration: <1 ns). The in-
strumental response function (IRF) of 125 ps (FWHM) was collected
by the use of LUDOX®. Decay curves were analyzed by mono-/mul-
tiexponential fits with the software ORIGIN®.

Time-resolved luminescence experiments of neat powders were
performed by a Horiba Scientific, model FluoroMax-4 equipped
with a 150 W Xenon-Arc lamp, excitation- and emission monochro-
mators and a Hamamatsu R928 photomultiplier and a time-corre-
lated single-photon counting option. Excited state lifetimes were
determined employing the same system using the TCSPC method
with FM-2013 equipment and a Horiba Yvon TCSPC hub. Excitation
sources: NanoLED 370 (wavelength: 371 nm, pulse duration:
1.1 ns), NanoLED 290 (wavelength: 294 nm, pulse duration: <1 ns),
SpectraLED 310 (wavelength: 314 nm), SpectraLED 355 (wave-
length: 355 nm). Data analysis (exponential fit) was done using the
software suite DataStation and DAS6 analysis software. The fit is
specified using the chi-squared-test. For the photoluminescence
quantum yield (PLQY) measurements an Absolute PLQY measure-
ment C9920-03G system (Hamamatsu Photonics) was used. Quan-
tum yields and CIE coordinates were determined using the soft-
ware U6039-05 version 3.6.0. Quantum yields @ are given in % and
CIE coordinates as x, y values. The PLQYs were measured with an
integrating sphere set up of the powder of the Cu' complexes with
an excitation wavelength of 350 nm. The yield was calculated
using the following equation, wherein n,,, denotes the photon
count and Int. the intensity [Eq (1)].
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The general experimental setup for step-scan measurements has
been described in detail in earlier works so that only a brief de-
scription of the general setup is given here.”?

All the time-resolved FTIR experiments were performed with the
FTIR spectrometer Bruker Vertex 80v, operated in the step-scan
mode. A liquid-nitrogen-cooled mercury cadmium telluride (MCT)
detector (Kolmar Tech., Model KV100-1-B-7/190) with a rise time of
25 ns, connected to a fast preamplifier and a 14-bit transient re-
corder board (Spectrum Germany, M314142, 400 MSs™"), was used
for signal detection and processing. The laser setup used for the
measurements includes a Q-switched Nd:YAG laser (Innolas Spit-
Light Evo 1) generating pulses with a bandwidth of about 6 ns at a
repetition rate of 100 Hz. The third harmonic (355 nm) of the
Nd:YAG laser was used directly for sample excitation. The UV
pump beam was attenuated to about 2.0 mJ per shot at a diame-
ter of 9 mm. The beam was directed onto the sample and adjusted
to have a maximal overlap with the IR beam of the spectrometer.
The sample chamber was equipped with anti-reflection-coated ger-
manium filters to prevent the entrance of laser radiation into the
detector and interferometer compartments. The KBr pellets were
prepared as described above and cryogenically cooled (20K or
290 K at the pellet) with the cryostat presented earlier. The tempo-
ral resolution of the 14-bit transient recorder board was set to
10 ns for Cuy,l,(4-Me), or 20 ns for the series Cu,X,(6-Me),. The
step-scan measurement was started 1 us or 2 us before the laser
pulse reached the sample. The time where the laser pulse reached
the sample was set as zero point in all spectra. The time delay be-
tween the start of the experiment and the laser pulse was con-
trolled with a Stanford Research Systems DG535 delay generator.
The spectral region was limited by under-sampling to 0-1975 cm™’
or 988-1975 cm™' with a spectral resolution of 4 cm™' resulting in
1110/555 interferogram points, respectively. An IR broadband filter
(850-1750cm™") and CaF, windows (no IR transmission
<1000 cm™") prevented problems when performing a Fourier
transformation (i.e. no IR intensity outside the measured region
should be observed). FTIR ground state spectra were recorded sys-
tematically to check if there is no sample degradation.

Theoretical calculations

The crystal structures and geometries generated by chemical intu-
ition were used as input structures. Geometry optimizations were
performed with the Berny algorithm of Gaussian 09" by using en-
ergies and gradients computed by Turbomole 7.4.%%% All calcula-
tions were performed with the DFT functional B3LYP with disper-
sion correction (no three-body interaction) (D3(BJ)®" as imple-
mented in Turbomole using the resolution of identity (RI) approxi-
mation and the def2-TZVP (def2-ecp for iodide) basis set. The ener-
getically lowest excited states were optimized by TDDFT with the
same functional and basis set as in the ground state. All the indi-
cated relative energies are corrected by the zero-point vibrational
energy. Absorption spectra were simulated by using TDDFT and
calculating 100 electronic excitations in the singlet manifold. Sol-
vent effects were modulated by using the conductor-like screening
model (COSMO) (cf. chapter on luminescence investigations in so-
lution). Obtained geometries were tested for minimum structures
by application of frequency calculations, for which no imaginary
modes were found. Only the open butterfly structure of
Cu,Cl,(6-Me), showed a negative frequency of —7.4cm™". The vi-
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brational frequencies are scaled by a factor of 0.975, which is typi-
cal for the chosen method and basis set, to minimize the differen-
ces between the experimental and calculated frequencies. A gauss-
ian convolution with a full-width at half-maximum of 8 cm™' was
applied to the calculated vibrational transitions. Turbomole 7.41%°%
was used for computing the UV/Vis spectra with TDDFT CAM-
B3LYP® and evGW/cBSE®”*¥ using contour deformation®” and
CAM-B3LYP  (CD-evGW(10)cBSE-CAM-B3LYP). For convolution
Gaussian broadening with a full-width at half maximum of
2500 cm ™' was used. The 12 additional structures of the reaction
paths were obtained by the initial guess reaction path of the
WOELFLING program.®?

Synthesis

For the performance of all reactions in this study, the general
Schlenk conditions were applied. Details on the purchase of sol-
vents and compounds are given in the Supporting Information.
The bridging phosphine ligands 4-methyl-2-(diphenylphosphino)-
pyridine and 6-methyl-2-(diphenylphosphino)pyridine were synthe-
sized according to the literature procedure with elemental lithium
and chlorodiphenyl-phosphine in dry tetrahydrofuran (SPS system,
degassed with argon for 20 min after tapping). The analytical re-
sults of the colorless powders were in accordance with the litera-
ture protocols.®¥

The tetranuclear complexes were synthesized according to a gen-
eral procedure. A 20 mL crimp vial was charged with the NP-bridg-
ing ligand (3.00 mmol, 2.00 equiv.), the corresponding Cu' halide
(6.00 mmol, 4.00 equiv.) and 15 mL of dry CH,Cl,. The resulting sus-
pension was degassed with argon for five minutes and was stirred
overnight (12 h) at ambient temperature. The reaction mixture was
added dropwise to an excess of n-pentane (300 mL). The precipi-
tate was filtered off and was washed with small portions of n-pen-
tane and diethyl ether. The powders were dried in vacuo. Crystals
were obtained of the filtrate by slow evaporation of the solvent in
the fume hood or by the layering approach with CH,Cl, and n-pen-
tane in small vials.

Further details on the synthesis of the specific complexes are given
in the Supporting Information. The details on the chemical synthe-
sis and original analytical data were added to the repository Che-
motion (www.chemotion.net/home). The corresponding codes are
given in brackets. Cu,l,(4-Me), (CRR 9266), Cu,l(6-Me), (CRR
11659), Cu,Br,(6-Me), (CRR 9926), Cu,Cl,(6-Me)2 (CRR 9935).
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