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ABSTRACT: The electronic properties of a series of eight copper
chalcogenide clusters including [Cu;,S¢(dpppt)s] (dpppt = Ph,P-
(CH,)sPPh,), [Cuy,Seq(dppo),] (dppo = Ph,P(CH,)sPPh,), [Cu;,Se(dppf),]
(dppf = Ph,PCpFeCpPPh,), [Cu;,Ss(PPh,Et)g], [Cu;,S4(PEts)s],
[CuyS1,(PELPh) 5], [CuyS;o(PPhs)g), and [CuyeSio(PBuy)s] were inves-
tigated by absorption and photoluminescence (PL) spectroscopy as well as
time-dependent density functional theory calculations. Major features of the
experimental electronic absorption spectra are generally well-reproduced by
the spectra simulated from the calculated singlet transitions. Visualization of
the nonrelaxed difference densities indicates that for all compounds transitions
at higher energies (above ~2.5 eV, ie., below ~49S nm) predominantly
involve excitations of electrons from orbitals of the cluster core to ligand
orbitals. Conversely, the natures of the lower-energy transitions are found to
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be highly sensitive to the specifics of the ligand surface. Bright red PL (centered at ~650—700 nm) in the solid state at ambient
temperature is found for complexes with all ‘Cu;,S,° (E = S, Se) cores as well as the dimeric ‘Cuy,S;,, although in
[Cu,,S4(dppf),], the PL appears to be efficiently quenched by the ferrocenyl groups. Of the two isomeric ‘Cu,S;,’ complexes the
prolate cluster [Cuy,S;o(PPh;)s] shows a broad emission that is centered at ~820 nm, whereas the oblate cluster
[Cuy0S10(PBuy)s] displays a relatively weak orange emission at ~575 nm. The emission of all complexes decays on the time scale
of a few microseconds at ambient temperature. A very high photostability is quantitatively estimated for the representative

complex [Cuy,Ss(dpppt),] under anaerobic conditions.

B INTRODUCTION

Recently we demonstrated that large polynuclear copper
complexes, namely, [Cu,,S¢(dpppt),s] (dpppt = Ph,P(CH,)s-
PPh,) and [Cu,,S¢(dppo),] (dppo = Ph,P(CH,)sPPh,), attain
photoluminescence (PL) efficiency at ambient temperature as
high as >48%." Consequently, these complexes may be a
valuable addition to the luminescent mononuclear Cu(I)
complexes. The latter display PL quantum yields up to ~90%
in the solid state at ambient temperature and have gained an
increasing interest in the last years w1th regard to their
application in organic light emitting diodes.”” The polynuclear
copper complexes can possess remarkable structural rigidity,
which may be advantageous for photophysical properties, for
instance, for photostability or enhanced quantum yields.*

In fact, bright-light emission has also been observed,
although not quantified in terms of efficiency, for a number
of smaller polynuclear Cu(I) complexes like [Cu,(u4-E)-
(dppm),]** (E = S, Se; dppm = bis(diphenylphosphino)-
methane),” [Cug(mtc)s] (mtc™ = di-n-propylmonothio-carba-
mate),® [Cug(btt)s] (btt™ = 2-benzothiazolethiolate),”
[Cu3(dppm)3(ﬂ3-SR)2]*8 and [Cu,(p-S-CsH,-
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NMe,),(dppm),],” which are stabilized by bidentate phosphine
ligands.

A large number of phosphine-stabilized Cu(I) chalcogenide
clusters that comprise bridging E*~ ligands (E = S, Se, and Te)
are known.'”"! In certain cases it was possible to modify the
ligand surrounding by keeping the same cluster core structure,
whereas in other cases variation of the reaction conditions
yielded clusters of different size and structure for the same kind
of phosphine ligand. Investigation of such “homologous”
complexes is of special interest for elucidating correlations
between their structure and photophysical properties. Here we
report on a comparative experimental and theoretical
investigation of the electronic properties of five copper
chalcogenide cluster complexes that share a similar ‘Cuj,E4
(E =S, Se) core stabilized by different phosphine ligands, one
complex with the core that can be considered as a ‘Cu;,S4’
dimer, and two isomeric ‘CuyS,," complexes.
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Figure 1. Molecular structures of 1—8 (H atoms omitted for clarity). Thermal ellipsoid plots of 1, 2, Sa, 6a, and 8 can be found in Figures S1—SS in
the Supporting Information. For bond lengths and distances see Table 3; for bond angles see Table S1, Supporting Information.

B RESULTS AND DISCUSSION

In this work, the electronic properties of eight copper
chalcogenide cluster molecules 1—8 (Figure 1, Table 1) were

Table 1. List of Compounds 1—8

)
2

compound

[Cuy,Se(dpppt),]
[Cuy,Seq(dppo),]
[Culzss(dPP04]
[Culzss(PthEt)SJ
[Cu,Ss(PEL;)s]
[CuyS12(PEL,Ph) ]
[CumSm(PPh3)8]
[Cuzoslo(PtBus)s]

IR - N A

investigated and compared. The synthesis and structural data
have already been published for 3,'% 4, 5, and 7."° Below, we
describe the synthesis and structures of the other compounds as
well as some further details of the crystallographic analysis of S.

Synthesis and Structure. A bright orange precipitate of
crystals of 1 can be obtained by reaction of copper(l) acetate
with S(SiMe;), and dpppt in diethyl ether similar to the
recently reported synthesis of [Cuy,S¢(dpppt),]' in toluene
(Scheme 1). In close analogy to the synthesis of
[Cuy,S4(dppo),]," the use of the selenium precursor compound
Se(SiMe,), in the reaction with copper(I) acetate and dppo
afforded red crystals of [Cuy,Seq(dppo),] (2) from toluene.

Scheme 1

[Cuy2Seq(dppo).] (2)

toluene I# 1dppo. E =Se

+3PBu E=5 VOO
JOTRREES

+2PELPh.E=S
_

(8) [CuzS1o(PBus)s] [Cu2:S12(PEL,Ph),,] (6)

EL0 0.5 E(SiMe3), EL0
E,0 l +1dpppt E=S

[Cu12Se(dpppt).] (1)
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The cluster complexes [Cuy,S¢(dppf)4] (3) (dppf = Ph,PCpFe-
CPPth):lz [Cu;pSs(PPhyEt)s] (4), [CuypSe(PEts)s] (S), and
[CuseS10(PPhy)s] (7)"° were synthesized according to the
reported procedures (see Experimental Section). The reaction
of copper(I) acetate with S(SiMe;), in diethyl ether yields in
the presence of PEt,Ph red crystals of [Cu,,S;,(PEt,Ph)] (6),
whereas the use of P‘Bu; affords orange crystals of [Cu,oS;o-
(P'Buy)s] (8). _

1 crystallizes in the triclinic space group PI with the cluster
molecule residing on an inversion center. The molecular
structure of 1 is isostructural to that reported for the cluster
that crystallizes in the tetragonal space group with toluene
molecules in the crystal lattice (Table 2, Figure S1, Supporting
Information)." Tt can be best described as consisting of an
almost ideal octahedron of sulfur atoms with the 12 copper
atoms bridging the edges (for a comparison of distances and
bond lengths of 1—8 see Table 3; for bond angles see Table S1,
Supporting Information). The phenyl groups at the phosphine
ligands display slightly different orientations in the two different
crystal structures, which might be attributable to packing
effects.

2 also crystallizes in the triclinic space group P1 (Table 2).
The molecular structure of 2 (Figure S2, Supporting
Information) is isostructural to that of the related sulfide
cluster [Cu,,Ss(dppo),],' however, with slightly different
geometrical parameters (nonbonding Se----Se: 453.7—458.4,
Cu—Se: 229.5-245.8, Cu---Cu: 259.0—310.5 pm) due to the
different covalent radii of sulfur (103 pm) and selenium (116
pm; Table 3)."* A similar selenide-bridged ‘Cu;,SePy’ cluster
core stabilized by monodentate phosphine ligands has been
reported before for [Cuy,Ses(PPh,Et)g]."”

Compound 5 crystallizes as previously reported in the
triclinic space group P1 (Table 2)."> Depending on the
measurement temperature we could identify two slightly
different unit cells. From room temperature (RT) to 200 K
the reflections could be indexed with the triclinic unit cell Sa,
which differs from the reported one by the angle y (found y =
87.291(4), reported y = 78.4(6)°). At 180 K we found a slightly
different triclinic unit cell Sb. Below 180 K the crystals visibly
crack and show diffuse diffraction images. Geometrical

DOI: 10.1021/acs.inorgchem.5b01146
Inorg. Chem. 2015, 54, 9413—9422


http://dx.doi.org/10.1021/acs.inorgchem.5b01146

Article

Inorganic Chemistry

0I1T°0
LEVO'O
€51

109¢
7o
Sere

£8€ 0T
L1
$0€¢€
€9L'S
ST
L% BUe)
(T)ost

T
(€)9°€069

LESL'TT

S8ETET

oul /yd

[euoBensy

$8'60T¢

0168 0712 1%y
8

(8) [*(*ng,d)°'s"™mD] pue ‘(q9 “®9) [*'(yddd)?'s" D] (qs ‘es) _”ﬁmam—mvwwﬁﬂuu_ “(7) [*(oddp)®asT™m)] (1) [*(3dddp)°s¥'ny] 105 ereq drqdesSoreisda) 7 d[qel,

9t81°0
11900
659
€808
L9S0°0
1€9 01
SST €T
+S
8961
(VAR
0€L'T
0008°0
(T)os1
I
(y1)TOP6E
(¥)ooT0TT
(¥)888°16
(¥)L68F11
(L)881°81
(L)s1L91
(9)L08+1
Id
ouIpLg
S6°€06€
kay mﬂ nH‘uNSUowﬂmoﬁ U
q9

.N\%_H,%Nomv\iw\ﬁ%%m - NOHQ\SH_NW =M, ._om_w\__un: — _on:_w = HM¢ “Z JO SI[NOJ[OW JUIN[0} PIISPIOSIP UO PIIE[NO[ED 3I9M SWOE H ON],,

98L0°0

12€0°0

8TL

10L7TT

01£0°0

L06 ST

80€ #T

09

7502

8L

9L9'1

00080

(T)os1

I

(L)sviov

(1)ov1TI1

(1)s00°201

(1)96L+6

(61)S€8€°8T

(L1)¥L9S9T

(S1)898L+T

Id

ouIpLg

61750

kay mﬁ AHNO‘\NSUOOwaﬁ U
*HDOH*DT-®9

0980°0
60£0°0
€€
L7209
6LS0°0
9v0L
TSTST
s
w6
799°€
899'T
oY OW
(2)081
I
(6)T'1681
(e)16+8
(€)L5°s9
(€)18's9
(e)or1st
(v)15TC0
(¢)secTr
1d
uﬁﬂmu_b
£0°0061
wwwﬁHN:ﬂUoﬁIw«U
qs

HTI0

79€0°0

e

91+9

9870°0

00SZ

S09 81

(4

T°L6

965°€

8¢9

0 O

(T)00t

I

(ST)+09261

(¥)16TL8

(€)T66'L9

(€)1v6'59

(9)6250°ST

(s)og6sT1

(s)z160T1

1d

ouIpLg

£0°0061

omwnHQSUo.S:wa
€S

0ILT0

¥290°0

$TST

8€T ¥6

1180°0

040 0T

£9¢€ 9¢1

o¢T

+0S¢

999'%

95T

oY 1)

(T)ost

T

(€)6thL

(£)96°1L

(e)ze18

(€)oves

(S)s¥set

(#)995°81

(V)¥¥6'LT

Id

omuIpLg

(AON

wmwmﬁmﬁznuilmwﬂu
‘HO*HDYT

1S80°0
LEE00
09
€€T6
LSS0°0
60€ TT
697 1€
(4
08€T
0€S'T
0€9'T
0 O
(T)ost
I
(e1)T89LT
(€)os 6L
(e)182L
(€)9g°L9
(¢)serot
(e)S1TH1
(€)oss€1
Id
ouIpLg
1L91LT
w@w&ﬁﬁUcﬁmo:U
1

H(eep [e) Tym
(DoT <D 11
swered pauygax
(1ot < I P supgax
uE.FNN

supja1 anbrun
SupjaI seawr
[3op] gz
[000]4

;-] (v)#
[(Lw> 3] p
vlv

[8op] ©

q

)

NARA I
dnoi8 soeds
wasAs [e3skio
[1ow/3] »y

L E[AULIo) wms

DOI: 10.1021/acs.inorgchem.5b01146

9415

Inorg. Chem. 2015, 54, 9413—9422


http://dx.doi.org/10.1021/acs.inorgchem.5b01146

Inorganic Chemistry

Table 3. Comparison of Ranges of Atom Distances [pm] in
1-8 (Figure 1)“

E Cu-E B--E Cu---Cu
1 N 215.3-238.4 431.9—440.0 259.8—295.1
2 Se 229.5—245.8 453.7-458.4 259.0-310.5
3 S 218.0—-235.6 428.3—437.1 256.1-292.3
4 S 213.6—239.9 430.8—445.0 256.9—296.8
Sb S 215.1-240.4 432.0—443.1 261.2-291.7
6a N 216.1-240.4 364.6—452.3 259.2-307.6
6b N 214.4-249.7 366.4—450.4 255.3—-314.0
7 S 214.5-235.9 421.2—435.2 263.6—290.0
8 S 215.5-236.0 367.0—462.7 259.4—294.2

“Cu-+-Cu and E-+E (E = S, Se) distances considered up to 315 and
500 pm, respectively. Data of 3,"% 4, and 7% were taken from the
corresponding literature.

parameters of the ‘Cu;,S¢Pg’ cluster core of Sa are now very
similar to those of the related cluster [Cu,,S4(PPh,Et)s] (4)
(Table 3, Figure S3, Supporting Information) with no evidence
for a tetragonal distortion as discussed in the original paper.'’
In Sa almost all ethyl groups of the PEt; ligands display
disorder, which is significantly reduced in the low-temperature
form Sb. The structural transformation of Sa to Sb is therefore
affected by ordering when cooled. However, the accompanied
change of the cell volume induces stress to the crystals as
indicated by a poor reversibility and cracking of the crystals
below 180 K.

Compound 6 crystallizes in the triclinic space group P1 as a
mixture of crystals with two different unit cells 6a and 6b,
which differ in their content of lattice solvent molecules (Table
2). The molecular structures of the ‘Cu,,S;,P;,” cluster cores in
6a and 6b are identical and possess an inversion center (Figure
S4, Supporting Information). They can be formally described as
a “dimer” of two strongly distorted ‘Cu,,S¢P¢" cluster cores, for
example, similar to that in 3'* with two phosphine ligands less.
An identical cluster core has also been observed in
[Cuy,S;,(PMePr,),,]."° When dried (removal of the solvent)
6a converts to the solvent-free crystal structure of 6b as can be
seen from the respective powder diffraction patterns (Figure
SS, Supporting Information).

Compound 8 crystallizes in the tetragonal space group P4/
nnc (Table 2). Although 8 displays the same composition of
copper, sulfur, and phosphorus atoms as found in 7, it forms a
molecular structure of a different type. In contrast to the
structures of 6 and 7, the cluster core of 8 has no direct relation
to the ‘Cuy,S¢’ cluster core of 1-5 (Figure S6, Supporting
Information). Cu—S bond lengths and Cu--Cu distances are
quite similar in 7 and 8, whereas nonbonding S---S distances
spread a wider range in 8 than in 7 (Table 3). An identical
cluster core to that in 8 has also been observed in [Cu
50810(P"Bu'Bu, ) ].'® The cluster complexes 8 and 7 can
formally be described as the oblate and prolate isomers of a
cluster of composition [Cu,,S;o(PR;)g]-

A brief comparison of the molecular structures of 1—8 gives
the following picture. The ‘Cu,E¢Pg’ (E =S, Se) cluster cores
of 1—5 have an almost similar buildup (Figure 1, Table 3, and
Table S1, Supporting Information). They consist of an
octahedron of chalcogen atoms (1, 2, 4, and 5: S; 2: Se)
with the 12 copper atoms bridging the edges, which itself forms
two face-sharing tetragonal antiprisms. In 1, 2, 4, and § each
copper atom at the upper and lower square planar face of these
tetragonal antiprisms is three-coordinated by one phosphorus

9416

atom and two chalcogen atoms, whereas the four copper atoms
in the middle square planar face have a distorted linear
coordination by two chalcogen atoms. In 3 the coordination
mode of the respective copper atoms is changed in the way that
now two of the bidentate dppf ligands bridge two pairs of
copper atoms one at the upper and one at the lower square
face. The other two phosphine ligands each bridge a copper
atom from the upper/lower and the middle square face.
Therefore, two of the eight three-coordinated copper atoms are
now situated in the middle square face and two of the four two-
coordinated copper atoms in the upper/lower square face
leading to a distinct distortion of the ideal ‘Cuj,E¢Pg (E = S,
Se) cluster cage found in 1, 2, 4, and S.

The cluster molecule in 6 can formally be described as a
dimer of two strongly distorted ‘Cu,,S¢ cluster cores.'” Instead
of being coordinated by phosphine ligands two of the copper
atoms from an upper or lower square of each ‘Cu;,S¢’ subunit
are coordinated by two equatorial sulfur atoms of the other
‘Cuy,Sg’ subunit, which leads in total to four Cu—S bonds
between the two distorted subunits. In addition and similar to 3
two of the phosphine atoms of each ‘Cu;,ScPg subunit
coordinate to copper atoms in the middle square of copper
atoms.

The cluster core of 7 can be considered as a dimer of two
“fused”, that is, strongly distorted, ‘Cu,,S,’ cages.'"'* Referring
to the structural description of 1, 2, 4, and S the two subunits
are now fused at the top/bottom of the cluster by formal
cleavage of eight phosphine ligands, two apical sulfur atoms,
and one Cu, face. In this way the 10 sulfur atoms form a
bicapped tetragonal prism with the copper atoms bridging all
edges. The cluster core of 8 has no direct relation to the
‘Cu,,S4” cluster cores of 1—7. The respective S, polyhedron
can be described as a highly compressed tetragonal antiprism
with the copper atoms bridging edges resulting in 12 copper
atoms with a distorted linear coordination by two sulfur atoms
and 12 copper atoms, which are three-coordinate by two sulfur
and one phosphorus atom.

Cu-S, Cu--Cu, and S-S bond lengths and distances are
almost similar in 1 and 3—8 but, as expected, increased in the
selenide-bridged cluster 2 (Table 3). For compounds 6a, 6b,
and 8 the range of nonbonding S-S distances extends to
smaller values than in the other copper sulfide cluster
molecules.

The measured powder patterns of 1—8 show a good
agreement with the calculated ones based on the single-crystal
data (Figures SS and S7-S13, Supporting Information), and
thus prove the crystalline purity of the compounds.

Comparison of Measured and Calculated Electronic
Absorption Spectra. Absorption spectra were measured in a
region within 300—800 nm (4.13—1.55 eV) for powdered
crystals of 1—8 in mineral oil layer between two quartz plates
(Figure 2). They were compared with the singlet transition
peaks calculated with time-dependent density functional theory
(TDDFT) employing the Becke—Perdew functional (BP86)
and polarized split valence basis sets (def2-SV(P))."” From
these transitions the experimental spectra were simulated by
superimposing Gaussians with a full width at half-maximum
(fwhm) of 0.3 eV. The spectra were shifted by 0.75 eV,
according to our previous results." It has been shown that for
this class of compounds BP86'® reproduces well the peak
positions calculated with the much more time-consuming B3-
LYP functional'® (Becke’s three-parameter hybrid functional
with Lee—Yang—Parr correlation) as well as the peak positions
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Figure 2. Electronic spectra of 1—8 measured as powdered crystals in
mineral oil.

from the experiment—apart from the above-mentioned overall
shift. Figures 3a,c (4—6), 4ab (7—8), and S14-S16 (1-3)
demonstrate a similarly good agreement between the calculated
and measured spectra. For instance, the experimental spectra of
compounds 1—6 show a single peak between 2.8 and 2.0 eV
(443 and 620 nm), which is well-reproduced by the simulated
spectra (with the only exception of 1). The absorption profiles
of 8 and 7, displaying a shoulder and a featureless onset of the
absorption, are also in agreement with the calculations.

Visualization of the nonrelaxed difference densities (see ref
1), as illustrated for selected transitions in 1—8 in Figures 3, 4,
and S14—S16, indicates that all transitions at energies higher
than ~2.5 eV predominantly involve excitations of electrons
from orbitals of the cluster core to ligand orbitals. In 1, 3, 6, and
7, this is also the case for all transitions at lower energies. In 3,
the electron is not only transferred to the phenyl rings of the
phosphine ligands but also to a significant degree to Fe d-
orbitals of the FeCp, moiety. In contrast, the lowest-energy
transitions in 2, 4, §, and 8 involve also transitions within the
copper chalcogenide cluster core, which are particularly
dominant for the “phenyl-free” clusters S and 8. In these
cases electron density is preferably transferred from the filled
copper d-orbitals (43%—50%) and sulfur p-orbitals (12%—
28%) to the empty orbitals of copper atoms (mainly p, 24%—
57%), which are coordinated by the phosphine ligands. The
numbers in parentheses result from Mulliken analyses for the
respective peaks of compounds 2, 4, 5, and 8.

In general the character of the low-energy transitions is very
sensitive to changes in the phosphine ligand sphere. For
example 1 and 4 differ only in the fact that the phosphine
ligands in 1 are bidentate, whereas in 4 they are monodentate.
The structural buildup of the two cluster cores including bond
lengths and angles is very similar (Table 3 and Table SI,
Supporting Information); nevertheless, the character of the
excitation band is different (significant transfer of electrons
within the ‘Cu;,S¢ cluster core for 4 but not for 1). We
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Figure 3. Comparison of measured electronic spectra (powdered crystals in mineral oil) of (a) 4, (b) 5, and (c) 6 with calculated singlet excitation
energies and oscillator strengths plotted as vertical lines (green) as well as by superimposed Gaussians of fwhm = 0.3 eV (black) to simulate the
experimental spectrum. The character of the peaks (up to 2.67 eV in 4, 2.82 €V in §, and 2.60 eV in 6) was visualized using the nonrelaxed difference
densities (see Experimental Section). The contributions of occupied orbitals are plotted in red, and those of the unoccupied orbitals are in blue.
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Figure 4. Comparison of measured electronic spectra (powdered
crystals in mineral oil) of (a) 7 and (b) 8 with calculated singlet
excitation energies and oscillator strengths plotted as vertical lines
(green) as well as by superimposed Gaussians of fwhm = 0.3 eV
(black) to simulate the experimental spectrum. The character of the
peaks (up to 2.67 eV in 8) was visualized using the nonrelaxed
diffference densities (see Experimental Section). The contributions of
occupied orbitals are plotted in red, and those of the unoccupied
orbitals are in blue.

investigate this in detail now. In both cases the lowest
unoccupied molecular orbital (LUMO) has contributions
from the copper orbitals of ca. 15%, according to a Mulliken
analysis; the highest occupied molecular orbitals (HOMOs)
mainly consist of d(Cu) and p(S) orbitals. For both 1 and 4 the
lowest excitation is mainly HOMO — LUMO; the second-
lowest is HOMO—1 — LUMO, and the third-lowest is
HOMO—-2 — LUMO. Relevant for the different character of
the excitation band are the oscillator strengths for the second
and the third transition (corresponding to peak height and thus
used for weighting in the difference density plots of the band),
which are more than 10 times higher for 4 than for 1, 0.03
versus 0.002. The oscillator strength of the lowest transition is
negligible (1 X 107'') for both cases; it thus does not
significantly influence the electron transfer within this band.
Obviously the kind of ligand bridging has distinct influence on
the distribution of electron density over the cluster upon
excitation suggested by distinct differences in the oscillator
strengths of similar transitions in similar types of clusters (e.g.,
1 and 4). Having this in mind it is not surprising that their
energetic positions display no clear correlation with the cluster
size (at least in this size regime).

Photoluminescence Spectra. Bright-red PL in the solid
state at ambient temperature appears to be typical for
complexes with a ‘Cu;,E¢’ (E = S, Se) core moiety. In 1, 2,
4, and S this PL peaked at ~615—700 nm (Figures S, 6, S17)
and decayed on the time scale of a few microseconds at
ambient temperature (i.e., the emission is phosphorescence).
The above complexes show high PL quantum yields ¢@pp
between 21 and 63% (Table 4). The emission intensity further
increases by decreasing the temperature, thus approaching ¢p
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Figure 5. Photoluminescence excitation (PLE, solid line) and emission
(PL, dashed line) spectra (powdered crystals in mineral oil) of 4—6 at
295 and 20 K, respectively.
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Figure 6. Photoluminescence excitation (PLE, solid line) and emission

(PL, dashed line) spectra of 7 and 8 (powdered crystals in mineral oil)
at 295 and 20 K, respectively.

Table 4. Photoluminescence Wavelength Ap; [nm] at 295
and 20 K and Corresponding Excitation Wavelength A,
[nm], Quantum Yield ®p; [%] at 295 K, and Decay Times 7
[us] for 1-8

Apps Dpy,
compound 295K A5, 20K A, 295K 17,295K 7, 20K
1 615  615/712 470 63  1,=096, 7, =287, =20/
7,=5 7, = 1437, =
34
2 638 638 350 53 5.26 102
3 a 636 475 a a a
4 673 683 370 45 1,=073, 1,=317,=20
7, =4 (14 K)
S 713 703 500 21 3.05 12.9
6 680 690 540 39 14§ 160
7 823 842 500 a 7,=027, a
T, =
1.5S
8 575 587/795 350 a a 7, =300, 7, =
72/t = 800, 7,
=170

“Not measured.

~
~

100% below T = 100 K. Interestingly, the PL decays
relatively slowly at cryogenic temperatures, on the time scale up
to hundreds of microseconds (Table 4). In other words, PL
efficiency does not linearly correlate with the PL lifetime. These
common PL properties have also been found for the ‘Cu;,S¢’
complexes described in ref 1. In detail, however, the
luminescence can be significantly affected by the ligands and
even crystal packing. This is especially highlighted by a
comparison of the isostructural complexes [Cu,,Ss(dpppt),]
that form either triclinic crystals without solvent molecules (1
in this work) or tetragonal crystals with intercalation of two
solvent (toluene) molecules per cluster.' The triclinic and
tetragonal polymorphs display at ambient temperature red
emission at 615 versus 648 nm with biexponential (7, = 0.96 us
and 7, = 5.0 us) versus monoexponential (7 = 6.1 us)' decay
behavior, respectively. Another evidence for the influence of the
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crystal packing is the PL broadening and variation of the decay
parameters for the vacuum-dried tetragonal crystals, whereas
the PL of the (solvent-free) triclinic form is not affected. At low
temperatures, in contrast to the tetragonal polymorph, the
triclinic form demonstrates a second minor emission band at
~710 nm (Figure S17). It demonstrates a particularly slow
decay on the time scale of hundreds of microseconds (Table 4).

The (minor) differences in the PL properties of 1,2, 4, and §
may also be attributed to the effects of different ligand shells
and crystal packing. Note that the latter result into slightly but
notably varying atom—atom distances in the cluster cores of the
above compounds (Table 3). Correspondingly, the ligands and
crystal packing may also affect the electronic transitions within
the cluster core.

In contrast to other ‘Cu;,E¢ complexes, [Cu,,S¢(dppf),] (3)
emits very weak red PL even at cryogenic temperatures (Figure
S18). The reason is apparently the efficient quenching of
electronic excitations both in the ligands and the cluster core
via ferrocenyl groups in 3. The (residual) core emission at
~640 nm is reduced in 3 by a factor of ~1 X 10°

Despite the dimeric nature of the cluster core of 6,
accompanied by significant variations in the atom—atom
distances, the PL of 6 at ~680 nm is very similar to that of
the “monomeric” compounds 1, 2, 4, and § (Figure S, Table 4).
The dimeric complex also demonstrates a high PL quantum
yield of 39%. These observations likely indicate the “robust-
ness” of the electronic properties of the ‘Cuj,E4 core against
even rather large geometrical distortions (6 vs 1, 2, 4, and §).

The cluster core of 7 can be considered as a dimer of two
fused, that is, strongly distorted, ‘Cu;,Ss cages. The solid
dimeric complex emits broad near-infrared PL centered at
~820 nm and extended to ~1200 nm (Figure 6). Its intensity is
substantially lower at ambient temperature than that of the
“usual” ‘Cuj,E¢ complexes. The PL decays biexponentially on
the time scale of a few and hundreds of microseconds at 295
and 20 K, respectively (Table 4).

Despite similar E*~ bridging, the ‘Cuy,S;y core of 8 is
structurally distinct in comparison to 1—7. Also distinct are the
PL properties of 8. The solid complex shows relatively weak
orange emission at ~575 nm, which gains in intensity and shifts
to ~590 nm by decreasing the temperature to 20 K (Figure 6,
Table 4). Similar to 1, the low-temperature emission is dual,
with a second band at ~800 nm. The excitation (PLE) spectra
of the both bands practically coincide (Figure S19, Supporting
Information). For complex 8 the second band demonstrates a
slower decay on the time scale of hundreds of microsecond at
20 K (Table 4). The origin of the dual low-temperature
emission in 1 and 8 is presently not clear.

For all complexes studied in this work, the PLE spectra well
correspond to the absorption spectra discussed above.
Relatively small Stokes shifts in the emission suggest only
moderate distortions in the excited versus ground states. Note
that the sharper and more structured PLE features observed at
low temperatures—for example, distinct low-energy peaks in
the PLE spectra of 2, 4, and S—further support the theoretical
results (cf. Figures 3, S, S15, and S17).

Finally, we would like to remark on a generally high
photostability of polynuclear copper chalcogenide complexes,
in particular, under anaerobic conditions. This valuable
property has previously been mentioned but not quantified
yet. In this work, it was probed for 1, one of the most
photostable compounds among the highly luminescent ‘Cu,E¢’
complexes. Figure S20 in the Supporting Information illustrates
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a time dependence of the PL intensity of 1 (powdered sample
in mineral oil placed into an evacuated cryostat chamber; see
Experimental Section) under continuous 60 mW laser
irradiation at 457 nm and ambient temperature. According to
a rough estimate using the exctinction coefficient of ~10.000
M~ cm™, sample density of ~1 g/cm®, ~4 mm? irradiation
area, and ~80% laser beam absorbance, the observed 10%
decrease of the PL intensity after 2 h of laser irradiation (Figure
$20, Supporting Information) corresponds to ~1 X 10°
photons absorbed per molecule of 1. Such photostability is
superior/somewhat inferior to that of pyrromethene/rhod-
amine 6G laser dyes in sol—gel matrices, that is, under
protection against oxygen (in a solution, the photostability of
laser dyes decreases dramatically).*

Bl CONCLUSIONS

The comparison of the experimental absorption spectra of the
copper chalcogenide cluster complexes [Cuy,Ss(dpppt).,
[CupySes(dppo),s], [CuySe(dppf)s], [CuynSe(PPhyEt)s],
[Cuy,S6(PEts)s], [CuyySin(PELP) ], [CuygSio(PPhy)s], and
[CuyoS;0(P'Buy)s] with the spectra simulated from the
calculated singlet transitions (TDDFT) reveals a good overall
agreement. The TDDFT method is apparently capable to well
reproduce the electronic absorption spectra of these (and likely
other) copper cluster complexes. Visualization of the non-
relaxed difference densities of the peaks indicates a distinct
influence of the kind of the ligand on the character of the
lowest-energy transitions. For clusters with low-lying empty
ligand m-orbitals, that is, with phenyl groups at the phosphine
ligands as found in [Cuy,Ss(dpppt)s], [Cui,Se(dppf).],
[CupyS1,(PEL,Ph) 5], and [CuyS,o(PPhy),], excitations mainly
involve transitions from orbitals of the cluster core to ligand
orbitals. In contrast, for [Cu,,S¢(PEt;)s] and [Cu,S,o(PBuy)s],
they are dominated by transitions within the copper
chalcogenide cluster core.

Bright-red, microseconds-long phosphorescence in the solid
state at ambient temperature appears to be characteristic for
complexes with a ‘Cu;,Es’ (E = S, Se) core. Relatively small
Stokes shifts in the excitation and emission spectra suggest
moderate distortions in the excited-state geometry. The PL
efficiency of 21—63% was found for compounds 1, 2, 4, and S.
The absence of emission in 3 is due to the quenching effect of
ferrocenyl groups and indicates a possibility of efficient energy
transfer to/from a copper cluster core. Despite some cluster
cage distortion, the bright-red PL (gp. = 39%) is retained in
the cluster dimer [Cu,,S,,(PEt,Ph);,]. However, the two
isomeric structures [Cu,,S;o(PPhs)g] and [Cu,oS;o(P'Bus)s],
which can be considered as strongly “distorted” if referenced to
1-6, demonstrate quite different PL properties than 1—6. By a
closer look, the emission properties of homologous ‘Cuj,E{
complexes can also be affected by the kind of phosphine ligands
and geometry of the copper chalcogenide cluster. Even the
crystal packing can have a notable effect on the emission
wavelength, efficiency, and decay parameters. These effects may
be used to “adjust” to a certain extent the PL properties of
‘Cu,E4 complexes.

A practically important photophysical property of copper
chalcogenide cluster complexes is their generally high photo-
stability, at least under anaerobic conditions. A first quantitative
estimate of the emission stability of the complex
[Cu;,S4(dpppt),] under prolonged and intense laser irradiation
at 457 nm demonstrates that the photostability is comparable
to that of the pyrromethene and rhodamine laser dyes.
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B 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%). The solvents diethyl ether (Et,O),
tetrahydrofuran (THF), and toluene were dried over sodium—
benzophenone and distilled under nitrogen. CuOC(O)CH,,*’
S(SiMe,),,*> PPh,Et, PEt,Ph, PEt;,*’ and dppo were prepared
according to literature procedures. Bis(diphenylphosphinoferrocene
(dppf) and bis(diphenylphosphino)pentane (dpppt) were used as
received from Sigma-Aldrich.

[Cu;,Ss(dpppt),] (1). Dpppt (0.4S g, 1.02 mmol) and CuOC(O)-
CH, (0.125 g, 1.02 mmol) were suspended in 40 mL of Et,O.
Addition of P"Buy (0.23 mL, 1.02 mmol) resulted in the formation of
an almost clear colorless solution. S(SiMe;), (0.11 mL, 0.51 mmol)
was then added at 0 °C, and after one night in the fridge at +2 °C
bright orange crystals of 1 had formed. After they warmed to room
temperature (RT), the crystals were collected and washed two times
with 10 mL of Et,O to give a final yield of 0.180 g (78.0%).

Ci16H120CuU1,PSs (2716.9). Caled C 51.3, H 4.5, S 7.1; found C
51.6, H 4.6, S 6.6%. The enhanced experimental values for C and H
(reduced for S) are indicative for remaining lattice solvent molecules
(C116H120Cu,PSc*CH 00 (2791.1): caled C 51.6, H4.7, S 6.9). The
single-crystal X-ray analysis also reveals the exsistence of solvent-
accessible voids although no such molecules could be localized in the
difference Fourier map.

[Cu,,Seg(dppo),] (2). Dppo (0.244 g, 0.5 mmol) and CuOC(O)-
CH; (0.062 g, 0.5 mmol) were dissolved in 15 mL of toluene.
Se(SiMe,), (0.056 mL, 0.25 mmol) was then added at 0 °C to yield a
clear red solution. Then after storing at —27 °C overnight red crystals
of 2 appeared. After 3 d they were collected and washed with toluene
to give a final yield of 0.094 mg (71%).

Ci28H144CU1,PsSes (3166.65). Caled C 48.6; H 4.6 found; C 48.1; H
4.2%.

[Cu;,S¢(dppf)] (3). Synthesized according to the literature
procedure."”

[Cu,,S4(PPh,Et)s] (4). PPh,Et (1.3 mL, 6.12 mmol) was added to a
suspension of CuOC(O)CHj (0.25 g, 2.04 mmol) in diethyl ether (10
mL) resulting in a clear solution. S(SiMe;), (0.22 mL, 1.02 mmol) was
then added at —40 °C to yield a clear colorless solution. Then, after
they warmed to +2 °C overnight pink crystals of 4 appeared, which
were collected and washed two times with 10 mL of Et,O after 3 d to
give a final yield of 0.307 g (67.6%).

Ci12H10CuU ,PsSs (2668.9). Caled C 504, H 4.5, S 7.2; found C
502, H 4.1, S 6.8%.

[Cu;,S6(PEt;)g] (5). PEty (0.82 mL, 5.5 mmol) was added to a
suspension of CuOC(O)CH; (0.225 g, 1.84 mmol) in diethyl ether
(20 mL) resulting in a clear solution. S(SiMe;), (0.2 mL, 0.92 mmol)
was then added at —50 °C. Then, after they warmed to —2 °C dark red
crystals of § appeared within a few days with a final total yield of 0.230
g (79%).

CusH150Cu;,PgSe (1900.19). Caled C 30.3, H 6.4, S 10.1; found C
29.8, H 6.3, S 10.5%.

[Cu,,S;5(PEt,Ph),,] (6). PEt,Ph (0.9 mL, 4.9 mmol) was added to a
suspension of CuOC(O)CHj (0.3 g, 2.45 mmol) in diethyl ether (20
mL) resulting in a clear solution. S(SiMe;), (0.26 mL, 1.22 mmol) was
then added at —40 °C, and the solution was stored at —25 °C
overnight. After 1 d red crystals of 6 had grown from a red solution.
During 3 d the reaction solution was warmed stepwise to —5 °C; the
crystals were then collected and washed three times with cold (—70
°C) Et,0 to give a final yield of 0.242 g (61%).

Ci20H180CU4P1,51; (3904.28). Caled C 36.9, H 4.7, S 9.9; found C
36.6, H 4.6, S 9.9%.

[CuyeS;4(PPh3)g] (7). PPhy (1.29 g, 4.9 mmol) and CuOC(O)CH,
(0.115 g, 1.224 mmol) were dissolved in 25 mL of THF. S(SiMe;),
(0.13 mL, 0.612 mmol) was then added at —60 °C, and the solution
was allowed to warm to —10 °C. After 7 d orange crystals of 7 were
collected and washed at —70 °C once with THF and two times with a
1:1 mixture of THF and Et,0O to give a total yield of 0.47 g (42%).
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Ci44H150CU»PsS1y (3689.85). Caled 46.9, H 3.3, S 8.7 found; C
46.8, H, 3.2, S 8.4%.

[CuzS;o(P'Bus)g] (8). PBuy (1.6 mL, 6.6 mmol) was added to a
suspension of CuOC(O)CHj (0.27 g, 2.2 mmol) in diethyl ether (40
mL) resulting in a clear solution. $(SiMe;), (0.23 mL, 1.1 mmol) was
then added at —20 °C, and the solution was stored at —10 °C
overnight. Orange crystals of 8 started to grow from a yellow solution.
The reaction solution was allowed to warm to 0 °C. After 3 d the
crystals were collected and washed three times with Et,O to give a final
yield of 0.237 g (58.4%).

CosH316CU0PsS1 (3210.08). Caled C 35.9, H 6.8, S 10.0; found C
359, H 7.0, S 9.5%

Crystallography. Crystals suitable for single-crystal X-ray
diffraction were selected in perfluoroalkylether oil and mounted to
the diffractometer equipped with an Oxford Cryosystem.

Single-crystal X-ray diffraction data of 2 and 8 were collected using
Cu radiation (4 = 1.541 86 A) generated by a multilayer optic, and
those of Sa were collected using Mo radiation (4 = 0.71073 A)
generated by a multilayer optic on a STOE STADI Vari (Pilatus
Hybrid Pixel Detector 300 K). Single-crystal X-ray diffraction data of 1
and Sb were collected using graphite-monochromatised Mo Ka
radiation (4 = 0.71073 A) on a STOE IPDS 2T (Imaging Plate
Diffraction System). Raw intensity data of 1, 2, and S were collected
and treated with the STOE X-Area software Version 1.64. Interframe
Scaling of the STADI Vari data set of 1 was done with the
implemented program LANA. Data were corrected for Lorentz and
polarization effects. On the basis of a crystal description a numerical
absorption correction was applied for 1, 2, Sa, Sb, and 8.

Single-crystal X-ray diffraction data of 6a and 6b were measured on
the SCD beamline at the ANKA synchrotron (KIT) with a Bruker
SMART Apex CCD area detector (4 = 0.80 A). Raw intensity data
were collected and treated with the APEX2 software program
package.” Data for all compounds were corrected for Lorentz and
polarization effects. Multiscan absorption corrections were applied for
6a and 6b with the implemented program SADABS.

All structures were solved with the direct methods program
SHELXS of the SHELXTL PC suite programs’ and were refined with
the use of the full-matrix least-squares program SHELXL. Data of 2
were refined as a nonmerohedral two-component twin in the HKLFS
format by the implemented twin-refinement method.””** Atomic form
factors for A = 0.800 00 A (15.466 keV) were obtained by the method
of Brennan and Cowan® as implemented on http://skuld.bmsc.
washington.edu/scatter/AS_periodic.html.

Several tested tiny crystals of 6b display considerable reflections (I/
6 > 10) only up to 260 40° although measured with the high-intensity
beam at the synchrotron source. For reflections with a resolution
smaller than d = 093 A the mean I/o ratio drops below 4.4
accompanied by an increase of the R(int) and R(o) values above
0.1794 and 0.1966, respectively. Molecular diagrams were prepared
using Diamond.*

In 1, 2, Sa, Sb, 6a, 6b, and 8 all Cu, Se, S, P, and C atoms were
refined with anisotropic displacement parameters, while H atoms were
computed and refined, using a riding model, with an isotropic
temperature factor equal to 1.2 times the equivalent temperature factor
of the atom that they are linked to. In 2, solvent C atoms of toluene
molecules were partially refined with a split model of site disorder and
isotropic displacement parameters. Because of the disorder, C—C
distances and C—C—C angles partially differ from the expected ideal
values of 139.5 pm and 120°; no H atoms were computed. In Sa and
Sb, C atoms of disordered ethyl groups as well as of disordered phenyl
and ethyl groups in 6a and 6b were refined with a split model of site
disorder with isotropic displacement parameters. Although the crystal
structure of 8 comprises voids of 267 A® no solvent lattice molecules
or significant residual electron density (the highest difference peak
0.60S, the deepest hole —0.539), respectively, could be identified in
the difference Fourier map. Additional crystallographic information
can be found in the Supporting Information.

X-ray powder diffraction patterns (XRD) for 1—8 were measured
on a STOE STADI P diffractometer (Cu Kal radiation, Germanium
monochromator, Debye—Scherrer geometry, Mythen 1K detector) in
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sealed glass capillaries both as a suspension of crystals in the mother
liquor and as a powder of crystals. The theoretical powder diffraction
patterns were calculated on the basis of the atom coordinates obtained
from single-crystal X-ray analysis by using the program package STOE
WinXPOW.*!

Physical Measurements. C, H, and S elemental analyses were
performed on an Elementar vario Micro cube instrument.

UV—vis absorption spectra were measured on a PerkinElmer
Lambda 900 spectrophotometer. Solid-state spectra were measured in
transmission for samples that were prepared as micron-sized crystalline
powders dispersed in a mineral oil layer between two quartz plates.
These were placed in front of a Labsphere integrating sphere.

The PL measurements were performed on a Horiba JobinYvon
Fluorolog-3 spectrometer equipped with an optical close-cycle cryostat
(Leybold) for measurements at cryogenic temperatures down to 16 K.
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 a detector
(photomultiplier) to an oscilloscope and using a N, laser for pulsed
excitation at 337 nm (~2 ns, ~S uJ per pulse). PL quantum yields ¢p,
were measured at ambient temperature 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. Powdered samples between quartz plates were placed into the
sphere and excited at 500 nm. The ¢p; values were determined
according to the method of de Mello et al.** The accuracy of their
determination was estimated to be +10%.

Quantum Chemical Treatments. All calculations were per-
formed with Turbomole.'” The spectra in the paper were obtained at
level BP86'®/def2-SV(P)** for the structure parameters of the X-ray
structure analysis using TDDFT. The electronic spectrum and the
(nonrelaxed) difference densities for a group of transitions forming a
peak were visualized at essentially no extra computational effort using
the Python script PANAMA (Peak ANAlyzing MAchine)."
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