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ABSTRACT: The reaction of [Cu(NCMe),][PFs] with
aromatic acetylenes HC,R and triphosphine 1,1,1-tris-
(diphenylphosphino)methane in the presence of NEt; results
in the formation of hexanuclear Cu(I) clusters with the general
formula [Cug(C,R),{(PPh,);CH},][PF¢], (R = 4-X-C(H,
(1-5) and CJH,N (6); X = NMe, (1), OMe (2), H (3),
Ph (4), CF; (5)). The structural motif of the complexes
studied consists of a Cug metal core supported by two
phosphine ligands and stabilized by - and 7-coordination of
the alkynyl fragments (together with coordination of pyridine
nitrogen atoms in cluster 6). The solid state structures of
complexes 2—6 were determined by single crystal XRD

analysis. The structures of the complexes in solution were elucidated by 'H, *'P, '"H—"H COSY NMR spectroscopy, and ESI
mass spectrometry. Clusters 1—6 exhibit moderately strong phosphorescence in the solid state with quantum yields up to 17%.
Complexes 1—5 were found to form solvates (acetone, acetonitrile) in the solid state. The coordination of loosely bound solvent
molecules strongly affects emission characteristics and leads to solvato- and vapochromic behavior of the clusters. Thus, solvent-
free and acetonitrile solvated forms of 3 demonstrate contrasting emission in orange (615 nm) and blue (475 nm) regions,
respectively. The computational studies show that alkynyl-centered IL transitions mixed with those of MLCT between the Cug
metal core and the ligand environment play a dominant role in the formation of excited states and can be considerably modulated
by weakly coordinating solvent molecules leading to luminescence vapochromism.

B INTRODUCTION

The study of coinage metal complexes continues to consistently
be one of the forefront areas of organometallic chemistry over
the past three decades. A large variety of Cu, Ag, and Au species
have found applications in catalysis and formed a basis for new
functional materials with unusual physical characteristics. In
particular, the attractive photophysical behavior of copper
subgroup metal complexes, which includes highly efficient and
tunable luminescence, significantly stimulates preparative
efforts in the search for novel emissive objects." An intrinsic
feature of the closed-shell d'° compounds (i.e., those of M' ions,
M = Cu, Ag, Au) is a strong tendency to form extended
networks of metallophilic bonds, which facilitate the assembly
of multinuclear metal cores.” In addition to the fascinating
structural diversity of these aggregates, reaching supramolecular
and nanoscale levels, the metal—metal interactions are often
responsible for a dramatic change or emergence of photo-
emission and nonlinear optical properties.3 Moreover, a relative
weakness of the metallophilic bonds (the strength of which is
comparable to that of hydrogen bonding),” stands behind the
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easiness of their modulation and, consequently, sensitivity to
certain external stimuli (chemical vapors, mechanical force,
temperature)."*"™* The latter phenomena give rise to
stimuli-responsive materials demonstrating a detectable alter-
ation of the physical properties (e.g.,, in absorption or, more
preferably, emission spectra), ultimately capable of, e.g,
selective luminescent chemo- or ratiometric sensing both in
solution and in the solid state.*>"

The metallophilic interactions can be effectively supported by
the multidentate ligands, which are able to bridge a few
adjacent metal centers, thus promoting self-assembly of
multinuclear clusters. In this respect, the alkynyl moiety was
found to be a superior bridging group for the d'° ions due to its
pronounced tendency for simultaneous bonding through o- and
n-coordination modes.”™” No less important is that the -C=
CR groups provide a facile opportunity for delicate
modification of their electronic characteristics, opening wide
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possibilities for fine-tuning of photophysical properties of the
cluster complexes.”

As homoleptic copper alkynyl complexes are typically
polymeric, suitable ancillary phosphine ligands are normally
introduced to generate the molecular entities of different
structural types dependin% on the stereochemistry of the
coordination environment.”

Interestingly, despite the environmental friendliness and high
natural abundance of copper (ie., low cost), Cu' compounds
are the least studied class among the coinage metal alkynyl
clusters in comparison to the numerous polynuclear gold(I),
silver(I), and heterometallic Au—Cu and Au—Ag species,
presumably due to the typically higher coordination number
of Cu' ion (C.N. = 4) than those of d'° relatives Au' and Ag'
(C.N. = 2—4). The notable examples of homometallic clusters
built of {CuC=CR} units include the dinuclear diamond-like
complexes [Cu,(phosphine),(u—7'-C=CPh),],” a family of
trinuclear clusters [Cus(p-dppm);(C=CR),]* (dppm
diphenylphosphinomethane), for which systematic variation
of the electronic structures and investigations of the photo-
physical properties were carried out,'’ and the tetracopper
complexes [Cu4(phosphine)x(CECR)y] of various topologies
determined by the phosphines.'’ These examples clearly show
an important role of the phosphines in the formation of a
particular metal framework and their photophysical character-
istics.

Pursuing the development of novel luminophores based on
Cu' ions, we intended to expand the class of copper alkynyl
clusters through the employment of multidentate phosphine
ligands, which have not been previously used for the
construction of such homometallic species.

Herein, we report on the preparation of novel hexanuclear
luminescent Cu' alkynyl complexes stabilized by the
triphosphine tris(diphenylphosphino)methane ligand (tppm),
their structural characterization in solution and in solid state,
together with detailed photophysical investigations supported
by theoretical DFT calculations of the electronic structures.

B EXPERIMENTAL SECTION

General Comments. All reagents and solvents were used as
received. The 1D 'H, *'P, and 2D 'H-'"H COSY NMR spectra were
recorded on Bruker Ascend 400 spectrometer. Mass spectra were
measured on a Bruker APEX-Qe ESI FT-ICR instrument in ESI
mode. Microanalyses were carried out on an elemental analyzer Euro
EA3028-NT.

Synthesis of Complexes 1—6. [Cu(NCMe),](PF) (56 mg, 0.15
mmol) and 1,1,1-tris(diphenylphosphino)methane (29 mg, 0.05
mmol) were dissolved in acetone (5 cm®). A nearly clear colorless
reaction mixture was stirred for 10 min and then was treated with a
solution of the appropriate alkyne (0.1 mmol) in acetone (2 cm?®)
followed by the addition of NEt; (2 drops, ~0.2 mmol) to give colored
solutions (from yellow to deep red). The reaction mixture was stirred
for 15 min, filtered through a pad of Celite, and recrystallized by gas-
phase diffusion of pentane into an acetone solution of the
corresponding complex at +5 °C.

[Cug(C,CeHNMe,) [{(PPh,)sCH,I(PFg), (1). Deep-red crystals
(92%). ESI MS (m/z): [Cu;(C,C¢H,NMe,),{(PPh,),CH}]*
1047.12 (caled 1047.11); [M]** 1047.12 (caled 1047.11). 3'P{'H}
NMR (CD4CN, 298 K): § 5.9 (s, 6 P, phosphine), —144.6 (sept, 2 P,
PF,). "H NMR (CD;CN, 298 K): 5 {(PPh,);CH} 7.78 (m-(ABXX),
o = 12, *Jyu = 8 Hz, 24 H, 0-H), 6.93 (t, ¥y = 7 He, 12 H, p-H),
6.74 (dd, *Jyy = 8 Hz, *Jyy = 7 Hz, 24 H, m-H), 6.01 (q, *Jp 1 = 8 He,
2 H, P-CH); {C,CH,NMe,} 7.25 (d, *Jy 1 = 9 Hz, 8 H, 0-H), 6.60 (4,
Juu = 9 Hz, 8 H, m-H), 291 (s, 24 H, CH;). Anal. Caled for
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CueCy14H 0 F NPy C, 57.41; H, 4.31; N, 2.35. Found: C, §7.32; H,
4.38; N, 2.26.

[Cuy(C,C4H,OMe) ,{(PPh,);CH}LI(PFy), (2). Pale yellow crystals
(94%). Single crystals of 2 suitable for XRD study were obtained by
gas-phase diffusion of pentane into its dichloromethane solution at +5
°C (unsolvated form, 2A) or gas-phase diffusion of diethyl ether into
MeCN solution at +5 °C (acetonitrile-solvated form, 2B). ESI MS
(m/z): [Cus(C,CH,OMe),{(PPh,);CH}]* 1021.06 (calcd 1021.05);
[M]** 1021.06 (caled 1021.05). *'P{*'H} NMR (CD;CN, 298 K): §
6.3 (s, 6 P, phosphine), —144.6 (sept, 2 P, PF,). '"H NMR (CD,CN,
298 K): & {(PPh,),CH} 7.75 (m-(ABXX'), Jpy = 12, *Jy s = 8 Hz, 24
H, 0-H), 6.94 (t, ¥y = 7 Hz, 12 H, p-H), 6.74 (dd, ¥y = 8 Hz, *Jyy
= 7 Hz, 24 H, mH), 605 (q *pu = 7 Hz, 2 H, P-CH);
{C,CsH,OMe} 7.32 (d, ¥,y = 8 Hz, 8 H, 0-H), 6.84 (d, ¥y = 8 Hz,
8 H, m-H), 3.76 (s, 12 H, CH;). Anal. Calcd for CugC,;oHgoF1,0,Pg:
C, 56.63; H, 3.89. Found: C, 56.70; H, 3.95.

[Cug(C,Ph) {(PPh,);CHLI(PFg); (3). Yellow crystals (95%). Single
crystals of 3 suitable for XRD study were obtained by gas-phase
diffusion of pentane into its dichloromethane solution at +5 °C
(unsolvated form, 3A) or gas-phase diffusion of pentane into acetone
solution or diethyl ether into MeCN solution at +5 °C (acetone-
solvated 3B and acetonitrile-solvated 3C forms, respectively). ESI MS
(m/z): [Cus(C,Ph),{(PPh,);CH}]* 961.04 (caled 961.03); [M]**
961.04 (calcd 961.03); [M + HCO,]* 1967.07 (calcd 1967.06); [M
+ PF¢]* 2067.03 (caled 2067.02). 3P{'H} NMR (CD,CN, 298 K): §
6.7 (s, 6 P, phosphine), —144.6 (sept, 2 P, PF¢). '"H NMR (CD,CN,
298 K): & {(PPh,),CH} 7.74 (m-(ABXX'), Jpy = 12, *Jy s = 8 Hz, 24
H, 0-H), 6.93 (t, *Jun = 7 Hz, 12 H, p-H), 6.72 (dd, ¥y = 8 Hz, *Juy
= 7 Hz, 24 H, m-H), 6.06 (q, Jpu = 7 Hz, 2 H, P-CH); {C,CsH}
742 (d, ’Jyy = 7 Hz, 8 H, 0-H), 7.38—7.27 (m, 12 H, m-H, p-H).
Anal. Caled for CugC,o¢Hg,F,Ps: C, 57.53; H, 3.74. Found: C, 57.43;
H, 3.77.

[Cug(C,CsH4Ph) {(PPh)sCHLI(PFs), (4). Yellow crystals (91%).
Single crystals of 4 suitable for XRD study were obtained by gas-
phase diffusion of pentane into its acetone solution at +5 °C (acetone-
solvated form). ESI MS (m/z): [Cus(C,C¢H,Ph),{(PPh,),CH}]*
1113.10 (caled 1113.09); [M]** 1113.10 (caled 1113.09); [M-C,R
+2HCO,]* 2139.11 (caled 2139.11); [M+PF¢]* 2371.16 (caled
2371.15). *'P{'H} NMR (CD;CN, 298 K): 5 6.8 (s, 6 P, phosphine),
—144.6 (sept, 2 P, PF). "H NMR (CD,CN, 298 K): & {(PPh,),CH}
7.79 (m-(ABXX'), *Jo = 12, ¥Jyn = 8 Hz, 24 H, 0-H), 6.95 (t, *Jyyp =
7 Hz, 12 H, p-H), 6.77 (dd, ¥,y = 8 Hz, ¥y = 7 Hz, 24 H, m-H),
6.06 (q, *Jp = 7 Hz, 2 H, P-CH); {C,C¢H,Ph} 7.63 (d, *Ju s = 8 He,
16 H, 0-H C4H,, o-H Ph), 7.50 (d, *Jyy s = 8 Hz, 8 H, m-H C¢H,), 7.46
(dd, *Jup = 8 Hz, ¥y = 7 Hz, 8 H, m-H Ph), 7.39 (t, *Jy s = 7 Hz, 4
H, p-H Ph). Anal. Caled for CugCi30HogFj,Pg: C, 62.03; H, 3.92.
Found: C, 61.72; H, 3.91.

[Cug(C,CeH,CF3) [A(PPh,);CH}LI(PFg), (5). Yellow crystals (93%).
Single crystals of § suitable for XRD study were obtained by gas-phase
diffusion of pentane into its acetone solution at +5 °C (acetone-
solvated form). ESI MS (m/z): [Cus(C,C¢H,CF,),{(PPh,),CH}]*
1097.01 (caled 1097.00); [M]** 1097.01 (caled 1097.00); [M +
HCO,]" 2239.02 (caled 2239.01); [M + PF¢]" 2338.99 (calcd
2338.98). *'P{'H} NMR (CD,Cl,, 298 K): 5 10.3 (s, 6 P, phosphine),
—144.8 (sept, 2 P, PFy). '"H NMR (CD,Cl,, 298 K): § {(PPh,),;CH}
7.75 (m-(ABXX'), *Jp = 12, *Jy = 8 Hz, 24 H, 0-H), 7.01 (t, *Jyypy =
7 Hz, 12 H, p-H), 6.79 (dd, ¥y = 8 Hz, ¥y = 7 Hz, 24 H, m-H),
6.23 (q, Jou = 7 Hz, 2 H, P-CH); {C,C¢H,CF3} 7.53 (d, *Jyy 4 = 8 He,
8 H, o-H), 7.37 (d, *Jyn = 8 Hz, 8 H, m-H). Anal. Calcd for
Cu4C, 0HsF,4Pg: C, 53.17; H, 3.16. Found: C, 53.34; H, 3.13.

[Cug(C,CsH,N) {(PPh3)sCHLI(PFy); (6). Green crystals (91%). Single
crystals of 6 suitable for XRD study were obtained by gas-phase
diffusion of pentane into its dichloromethane solution at +5 °C
(dichloromethane-solvated form, 6A) and by gas-phase diffusion of
diethyl ether into MeCN solution at +5 °C (acetonitrile-solvated form,
6B). ESI MS (m/z): [Cuy(C,CsH,N),{(PPh,);CH}]* 963.03 (calcd
963.02); [M]** 963.03 (caled 963.02); [Cu,(C,C H,N)-
{(PPh,);CH}]* 796.06 (calcd 796.06);
[Cu,(C,CH,N),{(PPh,),CH}]* 1127.99 (caled 1127.98); [M +
PF¢]" 2071.03 (caled 2071.01). 3'P{'"H} NMR (CD;CN, 298 K): 6 2.7
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Scheme 1. Synthesis of Complexes 1—6 (Acetone, 298 K, 15 min, 91-95% Yields)
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Figure 1. Molecular views of solvent-free (A), acetone (B), and acetonitrile (C, one of two independent molecules is shown) solvates of complex 3.
Symmetry transformations to generate equivalent atoms (') in (A): 2—x, 2—y, 1—z; (B): 2—x, 2—y, 2—z; and (C): 1—x, 1—y, —z.

(br s, 6 P, phosphine), —144.6 (sept, 2 P, PFy). '"H NMR (CD,CN,
298 K): 6 {(PPh,);CH} 7.78 (br m, 24 H, 0-H), 7.03 (br m, 12 H, p-
H), 6.83 (br m, 24 H, m-H), 549 (br m, 2 H, P-CH); {C,C;H,N}
7.39-6.83 (set of multiplets, 16 H, CH,N). Anal. Calcd for
C10,H7CugF,N,Pg: C, 55.26; H, 3.55; N, 2.53. Found: C, 55.15;
H, 3.63; N, 2.39.

Photophysical Measurements. The steady-state emission and
excitation spectra of complexes 1—6 in solid state at room temperature
and at 78 K were recorded on a FluoroLog 3 Horiba spectro-
fluorometer. The xenon lamp (450 W) was applied as a light source to
obtain luminescence. A pulse laser DTL-399QT “Laser-export Co.
Ltd.” (maximum of emission at 351 nm, SO mW, pulse width of 6 ns,
repetition rate of 1 kHz), a digital oscilloscope Tektronix DPO3034
(bandwidth 300 MHz), a MUM monochromator (LOMO, interval of
wavelengths of 10 nm), and a Hamamatsu photomultiplier tube were
used for lifetime measurements. Absolute emission quantum yield was
determined using a Quanta-phi integration sphere.

X-ray Structure Determinations. The crystals of 2—6 were
immersed in cryo-oil, mounted in a Nylon loop, and measured at a
temperature of 120 K. The X-ray diffraction data were collected on a
Bruker Kappa APEX II Duo diffractometer using Mo Ka radiation (4
= 071073 A). The APEX2" program package was used for cell
refinements and data reductions. The structures were solved by direct
methods using the SHELXS-2013" program with the WinGX"*
graphical user interface. A semiempirical absorption correction
(SADABS)" was applied to all data. Structural refinements were
carried out using SHELXL-2013."* The crystals 3A and 3C were
measured on an Agilent Technologies Supernova Atlas diffractometer
at a temperature of 100 K using monochromated microfocused Cu Ka
radiation (1 = 1.54184 A). The CrysAlisPro'® program package was
used for cell refinements and data reductions. The structures were
solved by direct methods and refined using the SHELXS-2013"
programs incorporated in the OLEX2" program package. Empirical
absorption correction for 3A and 3C was applied in the CrysAlisPro"®
program complex using spherical harmonics and implemented in the
SCALE3 ABSPACK scaling algorithm. Some of the missing solvent
molecules in the crystals of 2 and 3 were omitted as they were
disordered and could not be resolved unambiguously. The missing
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solvent was taken into account by using a SQUEEZE routine of
PLATON."® The contribution of the solvent to the cell content was
not taken into account. High values of the refinement parameters and
overall quality of the data in the structure of 3C are due to the low
quality of the crystals and its very low diffraction ability. The ADPs for
most atoms were defined and kept fixed during the refinement.
However, the positions of atoms were localized objectively and were
refined without any restrictions so that the structural model of 3C is
highly convincing. In §, the acetone crystallization molecule was
disordered over two sites and refined with the occupancies 0.87/0.13.
The acetone molecules in 4 were partially lost and were therefore
refined with an occupation factor of 0.5. The displacement parameters
of all the atoms in this moiety were restrained so that their Uy
components approximate to isotropic behavior. In 2, a disorder model
involving two alkynyl ligands (C2—C10, Ol and C12—-C19, O2
together with the dichloromethane crystallization solvent molecule
C113, Cl6, Cl7) was built, and the components were refined with
occupancies of 0.51/0.49 and 0.70/0.30, respectively. One component
of the aromatic ring (C13A—C18A) was geometrically idealized.
Geometrical and displacement restraints and constraints were applied
to the solvent molecule. Some of the PF~ counterions in $ were
disordered over two positions each and were refined with occupancies
of 0.73/0.27. A series of geometrical and displacement constraints and
restraints were applied to these moieties. The CF; group of an alkynyl
ligand (F1—F3) in § was modeled to occupy two positions with factors
of 0.28/0.72, the displacement parameters of the fluorine atoms were
restrained to approximate isotropic behavior. One of the triphosphine
phenyl rings (C24—C29) was disordered over two sites and was
refined with occupancies of 0.52/0.48. Both components of the
disorder model were geometrically idealized.

The carbon-bound H atoms were placed in calculated positions and
were included in the refinement in the “riding” model approximation
with Uy, (H) set to 1.5U,((C) and C—H 0.96 A for CH; groups,
Uyo(H) set to 1.2U,4(C) and C—H 0.97 A for CH, groups, U,,,(H)
set to 1.2U,(C) and C—H 0.93 A for the CH groups, and U,,,(H) set
to 1.2Ueq(C) and C—H 098 A for the tertiary CH groups. The
crystallographic details are summarized in Supporting Information
Table S1.

DOI: 10.1021/acs.inorgchem.5b00239
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Computational Details. The DFT codes implemented in
Gaussian09'? were applied in the computational part of this study.
Hybrid exchange-correlation PBE0*® functional was used together with
all-electrons basis set of triple-valence-zeta with the polarization
function (def2-TZVP) for the copper atoms,”" split-valence (SV) basis
sets” for the rest of the non-hydrogen elements, and 6-31G(d) for
hydrogen atoms. Initial geometries for all complexes were taken from
XRD data obtained in this work. The time-dependent (TD)-DFT
method was used to optimize the singlet ground state (SGS) and find
distortions of these structures in the triplet excited states (TES),>
which are responsible for luminescence. Spectral features and
electronic properties were processed and plotted by GaussSum code.**

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Preparation
of the title compounds is based on the reaction of a labile
acetonitrile Cu' complex with templating triphosphine (tppm)
ligand followed by the addition of the corresponding alkyne
and deprotonating agent (triethylamine). The effective self-
assembly of the clusters having a general formula [Cuy(C,-4-
C6H4—X)4{(PPh2)3CH}2]2+ (X = NMe, (1), OMe (2), H (3),
Ph (4), CF; (5)) proceeds within a few minutes to give final
products in nearly quantitative yields (91—95% after recrystal-
lization, Scheme 1).

The structures of complexes 2—6 in the solid state were
determined by X-ray diffraction studies (Figures 1 and 2 and

Figure 2. Molecular view of complex 6B. Symmetry transformations to
generate equivalent atoms (') in 6: 2—x, —y, 2—z.

Figure S1, the ORTEP* views are also shown in Figure S2).
The selected structural parameters are listed in Table 1 and
Table S2. Dicationic clusters 2—5 consist of a distorted
octahedral metal core stabilized by the bridging ligands. The
triphosphines and two alkynyl groups are coordinated in -
mode to occupy four octahedron faces. Two other -C=CR
ligands are u*-bound to the metal framework through
additional #*-coordination of the C=C z-systems to an
adjacent copper ion. All Cu—Cu distances in 2—S$ fall in the
2.52—2.85 A range that is lower than or comparable to the sum
of two Cu van der Waals radii (2.80 A), which is indicative of
efficient metallophilic interactions and is similar to the
intermetallic separations found in the previously reported Cu'
clusters.””""

Crystallization of complexes 2—S$ from acetonitrile (2, 3) or
acetone (3—S5) solutions results in the formation of solvates via
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the coordination of two solvent molecules to copper ions of the
cluster core (Figure 1 and Figure S1). The general structural
motif of the solvated complexes remains unchanged to maintain
the pseudo octahedral structure of the cluster core and
coordination modes of the phosphine and alkynyl ligands.
The bond lengths between copper ions and the atoms of
coordinated alkyne and phosphine ligands in 2 and 3 undergo
rather small variations, and the major changes occur within the
cluster core. All but two Cu—Cu distances in the cluster core
remain nearly unchanged (vary within 0.1 A) compared to the
copper—copper contacts in the parent solvent-free complexes.
The most important changes are observed for the Cu—Cu
bonds (Cu(1)—Cu(2) and Cu(1)—Cu(3)), which involve
copper ions Cu(1l) bound to the solvent molecules. Upon
coordination of the crystallization solvent, the Cu(1)—Cu(2)
separations get slightly elongated from 2.5843 A in 3A to
2.6425 and 2.6708 A in acetone 3B and acetonitrile 3C
solvates, respectively (a similar trend is observed for complex 2,
see Tables S2). More dramatic changes are seen for Cu(1)—
Cu(3)/Cu(3’) distances corresponding to tppm-bridged and
nonbridged metal—metal bonds, which demonstrate very close
values in nonsolvated species (2.7665 and 2.7368 A,
respectively). However, binding the additional ligand (acetone
or acetonitrile) to Cu(1) leads to significant elongation of the
triphosphine-bridged contact to 3.0597 and 3.081 A in 3B and
3C complexes, respectively, that eventually results in a loss of
metallophilic interactions. Conversely, the nonbridged Cu(1)—
Cu(3)/Cu(3’) contact gets shorter with solvation of the cluster
molecules (from 2.7368 A in 3A to 2.6504 in 3C, see the
similar trend for 2 in Table S2). It is also worth noting that
coordination of the solvent molecules in 1—3$ is quite weak, and
the solvent-free forms can be easily obtained from the solvates
upon thoroughly drying the samples under vacuum, which was
confirmed by elemental analysis.

The structural motif of 6 is significantly different from those
found for complexes 1—5 (Figure 2). Complex 6 was found to
crystallize in two forms depending on the solvents: 6A (P2,/c
space group, contains dichloromethane crystallization solvent,
easily converted into a solvent-free form) and 6B (P space
group, acetonitrile crystallization adduct). The metal skeleton
of this cluster in both forms consists of six copper atoms, and
its ligand environment contains two y’ coordinated triphos-
phines and four alkynyl ligands of two types. Each of the
phosphines bridges three copper atoms, which do not form
closed triangles, however, in contrast to complexes 2—5. The
presence of 2-pyridyl substituents in the alkynyl ligands
substantially changes their coordination modes through
additional bonding of pyridyl N atoms to the cluster
framework. To fit into this bonding network the cluster core
forms an open structure with only one effective metal—metal
bond (Cu(3)—Cu(3’) 2.6057(7) A and 2.6028(9) A in 6A and
6B, respectively). The rest of the Cu—Cu distances exceed 2.85
A, indicating weaker metal—metal interactions (see selected
interatomic distances in Table S3). From the viewpoint of bond
energy, the formation of copper—pyridyl bonds presumably
compensates the loss of metallophilic contacts in the cluster
skeleton.

Because of coordination of 2-ethynylpyridine ligands via C
and N atoms to the copper cluster core, no other vacancies are
available in 6 for additional interaction with, e.g, solvent
molecules; therefore, no solvates of 6 were obtained.

Mass Spectrometry and NMR Spectroscopic Study.
The ESI mass spectra of 1—6 display the major signals of

DOI: 10.1021/acs.inorgchem.5b00239
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Table 1. Selected Bond Lengths (A) for Complex 3 and Its Solvated Forms

solvent free, A

acetone solvate, B acetonitrile solvate, C

Cu(1)—Cu(2) 2.5843(7) 2.6425(5) 2.6708(5)
Cu(1)—Cu(3) 2.7665(6) 3.0597(6) 3.0809(5)
Cu(1)—Cu(3") 2.7368(6) 2.7126(6) 2.6504(4)
Cu(2)—-Cu(3) 27116(7) 27182(5) 27116(4)
Cu(2)—Cu(3') 2.5720(6) 2.6939(5) 2.6884(4)
Cu(3)—Cu(3’) 2.5826(7) 2.5500(7) 2.5106(6)
Cu(1)—-0(1)/N(1) 2.410(5) 2.089(3)
Cu(1)-C(2/2") 2.068(3) 2.258(3) 2.224(2)
Cu(1)—C(10) 2.195(3) 2.033(3) 2.027(3)
Cu(2)—-C(2'/2) 2.071(3) 2.092(3) 2.099(2)
Cu(2)—C(10) 1.977(3) 2.120(3) 2.093(2)
Cu(2)-C(3) 2.947(3) 2.412(3) 2.409(3)
Cu(3)-C(2) 2.127(3) 2.184(3) 2.192(3)
Cu(3)-C(2) 2.347(4) 2.196(3) 2.162(2)
Cu(3’)—C(10) 2.155(3) 2.152(3) 2.177(2)
Cu(1)—P(1) 2.2235(8) 2.2834(8) 2.2807(7)
Cu(2)-P(2) 2.2413(8) 2.2276(8) 2.2156(6)
Cu(3)-P(3) 2.2624(8) 2.2605(8) 2.2659(7)

[Cuy(C,R),{(PPh,),CH}]* (R = 4-X-C4H, (1—5) and C;H,N

(6); X = NMe, (1), OMe (2), H (3), Ph (4), CF; (5)) cations

that correspond to half of the molecular ions of the title

compounds. The signals of doubly charged cations [M]** are 193K

also observed in ESI-MS with the m/z values and isotopic

patterns being in complete agreement with the calculated ones

for [Cus(C,R),{(PPh,);CH},]** (R = 4-X-C¢H, (1-5) and

CsH,N (6)) molecular ions, as well as the signals of [M +

PF¢]* and [M + HCO,]" ions. 213K

The 3'P NMR spectra of 1—6 at 298 K consist of sharp (1—

5) and broad (6) singlet resonances in the region of 5.9—10.3

ppm, which correspond to the P atoms of the thiphosphine

ligand, and a septuplet at —144.6 (in CD;CN solution) or

—144.8 (in CD,Cl, solution) of the PF,~ counterion. The

presence of only one signal from tppm can be a result of fast 298 K

intramolecular dynamics that is most likely determined by the

exchange of alkynyl ligands, which includes concerted {y*:n* <

W’} pairwise transformation of the ligand coordination mode. T T T

This nonrigidity of coordination environment in solution leads 50 0 -50

ppm

to increased molecular symmetry and makes all the phosphorus
atoms equivalent. The presence of a fluxional process of this
sort is clearly demonstrated by the VT *'P NMR spectra of
complexes 3 and 6. For cluster 3, the sharp singlet at 6.7 ppm
(298 K) splits into two broadened multiplets at 193 K with a
1:2 integral intensity ratio (Figure 3) that fits well the
symmetry of the structural pattern revealed in the solid state.
In the case of complex 6, the structure found in the solid-state
is additionally stabilized by coordination of the pyridyl
substituents of alkynyl ligands that slows down the dynamics
and results in the detection of a broadened, featureless
structural pattern at 298 K (Figure 4). However, this signal is
transformed into a singlet at 2.7 ppm upon warming of the
MeCN solution up to 323 K. Conversely, the P NMR
spectrum of 6 at 233 K displays three complicated multiplets
with equal integral intensities that is in complete agreement
with the symmetry of the rigid solid-state structure of this
complex.

In turn, the "H NMR data for 1—6 are also compatible with
the structure/dynamics hypothesis described above. For
example, the proton spectrum of 1 at 298 K (a high
temperature limit for this complex, see Figure S) in the low-
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Figure 3. *'P{'"H} VT NMR spectra of 3 in CD,CN.

field area displays a set of multiplets corresponding to the
ortho-, para-, and meta-protons (7.78, 6.93, and 6.74 ppm,
respectively) of the tppm phenyl rings together with the
resonance of methine proton (6.01 ppm) and doublets of
ortho- and meta-protons (7.25 and 6.60 ppm, respectively) of
the phenylene spacer of alkynyl ligands. In the high-field area of
this spectrum, the signal of methyl protons (2.91 ppm) of the
NMe, group is found. These observations are in agreement
with the structural pattern shown in Scheme 1 and are
indicative of the structure symmetrization due to the dynamics
suggested above. Similar 'H NMR spectra were observed for
complexes 2—6 at a high temperature limit (298 K). In
summary, the spectroscopic data obtained show that the
structural patterns found in the solid state for 1—6 remain
unchanged in solution along with the presence of intra-
molecular dynamics, which can be frozen at low temperature.

Photophysical Properties. The photophysical data for
clusters 1—6 are given in Table 2. The solid state emission
spectra are shown in Figures 6 and 7.

DOI: 10.1021/acs.inorgchem.5b00239
Inorg. Chem. 2015, 54, 82888297


http://dx.doi.org/10.1021/acs.inorgchem.5b00239

Inorganic Chemistry

233K

273K

298K

323K

15 10 5 0 -5 -10 -15 -20
ppm

Figure 4. *'P{'"H} VT NMR spectra of 6 in CD,CN.
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Figure 5. "H—"H COSY NMR spectrum of 1 (low field area, CD,CN,
298 K).
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Figure 6. Normalized excitation (dashed lines) and emission (solid
lines) spectra of solvent-free complexes 1—6 at 298 K in the solid state
(excitation spectra were measured at the maximum of the
corresponding emission band; emission was excited at 410 nm for
1-5 and 380 nm for 6).
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Figure 7. Normalized excitation (dashed lines) and emission (solid
lines) spectra of acetonitrile-saturated complexes 1—6 at 298 K in the
solid state (excitation spectra were measured at the maximum of the
corresponding emission band; emission was excited at 380 nm for 2—6
and 410 nm for 1).

Excitation spectra of complexes 1—6 in the solid state at 298
K display high and low energy components, located at
approximately 350 and 430 nm, respectively, in which the
former dominates for compound 2, whereas it appears as a
weaker band/shoulder for complexes 1 and 3—6. Both
components may be tentatively ascribed to a mixture of
metal-perturbed intraligand 7—7*(alkynyl moiety) and MLCT
[d(Cu)-7*(acetylide/phosphine)] transitions analogous to the
polynuclear copper alkynyl phosphine complexes studied

Table 2. Photophysical Properties of 1—6 in the Solid State at 298 K

complex  A(sf),,, nm A(as) ey, nmM A(sf) ¢ nmM A(as)e, nm
1 658 505 (sh); 617 352; 458 316; 402
2 61 476; 514; 596 (sh)  355; 418 (sh)  335; 375
3 615 475; 513; 612 (sh) 360 (sh); 435  341; 364
4 624 522; 554 (sh) 371 (sh); 447 318; 408
5 579 496; 528 (sh) 340; 433 344 (sh) 381
6 508; 546 (sh) 514 365 (sh); 428 338; 406

QY(sf), % QY(as), % o(sf), us 7(as), us

1.5 0.1 0.7 (45%); 0.24 (55%) 0.7 (20%); 0.24 (80%)
4.1 7.0 7 (25%); 1.9 (75%) 18 (45%); 3.0 (55%)
16.5 8.7 17 (60%); 3.2 (40%) 60 (70%); 4.2 (30%)
7.5 0.3 18 (30%); 2.0 (70%) 1.8 (5%); 0.21 (95%)
11.7 3.3 29 (55%); 4.1 (45%) 30 (35%); 9 (65%)
3.7 4.1 11 (35%); 1.3 (65%) 19 (65%); 4.0 (35%)

“Solvent-free (sf) complexes: 4., = 410 nm for 1—5 and 380 nm for 6. Acetonitrile solvates (as): A, = 380 nm for 2—6 and 410 nm for 1. Average
uncertainties in the lifetime measurements are 10% for time scale and 5% for the contribution of the corresponding decay given in parentheses.
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earlier.”~"" It is worth noting that charge transfer processes are

probably better described as MMLCT ones because of strong
copper—copper bonding inside the cluster core.

All substances under study luminesce in the solid state with
emission band maxima varying from 658 nm for cluster 1 to
508 nm in the case of 6. The title compounds display moderate
to weak emission with quantum yields from 1.5% (1) to 16.5%
(3). The excited state lifetimes of 1—6 fall in the range of 0.24—
29 ps. This observation, together with the large values of Stokes
shift, indicates that the luminescence originates from the triplet
manifold, i.e., phosphorescence.

A double exponential fit was applied to the luminescence
decays of all the studied compounds. This approach is often
used to treat the solid state emission,”® which may arise from
the electronic transitions of a similar origin but show some
variation in the lifetimes due to, e.g., the local differences in
molecular arrangement in the crystal cell. The structural
inequivalence of chemically identical chromophore centers as a
result of crystal packing is quite common and can be illustrated,
e.g, by complexes 2A and 2B, each of which has two
independent molecules in the unit cell.

The exposure of 1—5 to vapors of acetonitrile leads to
substantial changes in their luminescence behavior, which is
evidently related to coordination of CH;CN molecules that was
clearly demonstrated by the XRD studies of the crystals
obtained from acetonitrile or acetone-containing solutions. It
has to be noted that photophysical characteristics of the
crystalline solvated samples and those obtained by saturation of
the solvent-free solids with the corresponding solvent vapors
are identical (see for example, Figure S4). This allows for
speculation on the nature of chromophores based on the solid-
state structures of solvated complexes, which are equally
applicable to the solvates and samples obtained upon solvent
vapor saturation.

One of the clear consequences of solvent coordination are
drastic structural changes (e.g., Cu—Cu distances, vide supra)
inside the metal core, which give rise to substantial variations in
the energy of the orbitals involved in the emission and,
consequently, of its characteristics. For example, the difference
between maxima of emission bands for solvent-free and
acetonitrile-solvated forms for complex 3 amounts to 140
nm, ie. the color of luminescence changes from orange (615
nm) to blue-green (475 nm). The observed hypsochromic shift
of both excitation and emission bands (Table 2) denotes that
coordination of the solvent changes selected metal—metal bond
lengths and results in stabilization of the ground state cluster
orbitals to give higher energy emission. This effect may also
increase the contribution of 7—z* transitions into emission that
is evidenced by the appearance of a structure in the
luminescence bands of the solvates (Figure 7). The vibronic
progression of ~1500 cm™' clearly points to strong
involvement of the ligand aromatics in the electron transition
process responsible for the emission.

It is worth mentioning that the increase of electron-donating
ability of a weakly coordinating molecule leads to growth of the
hypsochromic shift of the emission maximum of the solvated
form, e.g, for 3, the value of this shift in the case of
chloroacetonitrile solvate is only 28 nm, whereas acetonitrile
causes a shift of 140 nm (Figure 8).

Compound 6 displays only minor bathochromic shift of ~6
nm, which is indicative of essentially a different mechanism of
the solvation effect compared to that of congeners 1—5. This
observation looks very natural taking into account occupation
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Figure 8. Emission spectra of solvent-free complex 3 and its
chloroacetonitrile and acetonitrile solvates at 298 K in the solid state
(Aex = 385 nm).

of vacant coordination sites in 1—5 by the pyridyl substituents
of the phosphine in 6. The structural parameters of polymorphs
6A and 6B show some minor deviations in bond lengths (see a
comparative in Table S3), which are difficult to correlate
however with the spectroscopic changes observed. The latter
can be tentatively assigned to variations of crystal packing, eg,
similarly to the behavior of some hexanuclear gold(I) clusters. 7

Computational Studies. The structural and photophysical
properties of complexes 1—6 were studied using the DFT and
TD-DFT approach. Note that the optimized structure of 6 is
completely in accordance with the XRD data and is
substantially different from those of the 1-§ relatives due to
pyridyl functions of the alkynyl ligands, leading to additional
binding to copper ions and thus changing the geometry of the
cluster framework.

Ground state geometrical and electronic structures of 3A and
3C, as representative examples, were optimized to give
structural parameters of these molecules (Table S4) and a set
of boundary MOs of eight low-lying excited singlet states
associated with the long wavelength absorption bands, Tables
S5 and S6. Structural parameters of the DFT-optimized ground
states for 3A and 3C fit well with those obtained using XRD
analysis (see Table S4).

The predicted low energy absorption/excitation bands for 3A
(Aps = 362 nm, Table 3) are determined by the electron
transitions between MOs consisting mainly of 7 orbitals (triple
bond and aromatics) of the alkynyl ligands with significant
admixture of the copper d-AOs (Table SS, Figure SS) and
vacant LUMOs composed of related nonbonding 7* orbitals
and copper d/p-AOs, but the percentage of copper orbitals
drops substantially at the expense of an increase in the
phopshine orbitals contribution. Analysis of these data shows
that the lowest energy electron transition is determined by the
7 — 7 intraligand (alkynyl) transitions with the admixture of
MLCT character. The corresponding electron density differ-
ence plots are shown in Figure 9 (3A and 3C) and Figure S6
(1, 2, and 4-6).

Coordination of acetonitrile ligands to 3A to give solvated
species 3C results in substantial variations in the cluster core
geometry (see discussion above) accompanied by changes in
the nature of the frontier orbitals accompanied by an increase
in the HOMO-LUMO and HOMO(-1)-LUMO gaps (see
Tables SS and $6), which is completely in line with the
experimental observations.
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Table 3. Computational Photophysical Results for Clusters
1-6“

Asps calo DM Aem calo DM Ay DL

1 418(0.02), 409(0.33), 406(0.11), 653 658
379(0.08), 378(0.03), 373(0.08)

2 357(0.00), 356(0.08), 351(0.04), 624 621
348(0.02), 339(0.16)

3A  362(0.04), 354(0.19), 340(0.12), 623 615
329(0.06), 327(0.05)

3C  350(0.00), 348(0.09), 342(0.12), 530 475, 513,
336(0.06), 332(0.05), 327(0.03) 612 (sh)

4 381(0.01), 380(0.16), 374(0.15), 652 624
373(0.58), 350(0.30), 346(0.12)

s 368(0.01), 365(0.06), 363(0.02), 570 579
359(0.15), 345(0.16), 334(0.05)

6 450(0.00), 416(0.04), 401(0.07), 566 508, 546
392(0.01), 388(0.04) (sh)

“The calculated maxima of absorption are represented by all lowest S,
and several higher singlet states with significant (>0.01 in parentheses)
oscillator strengths.

(3C) So—~S1

(3C) T1—So

Figure 9. Electron density difference plots for the lowest-energy
singlet excitation (Sy — S;) and the lowest-energy triplet emission (T
— S,) of clusters 3A and 3C. During the electronic transition, the
electron density increases in the gray areas and decreases in the blue
areas; the plots are obtained by subtracting the ground state S, from
the excited states (S, and T,).

It is also worth noting that a significant influence of the
pyridyl moiety coordination in 6 is not only onto the cluster
core structure but also onto the nature of boundary MOs and
spectroscopic characteristics of this complex (Table S7). The
occupied highest energy orbitals of complex 6 responsible for
long wavelength absorption are comprised mostly of the copper
core orbitals with a small contribution of the alkynyl and
phosphine ligands, whereas low lying vacant MOs are 7*
orbitals of the alkynyl ligand that point to the MLCT nature of
the absorption/excitation bands in this case.

Optimization of the triplet excited states of 1—6 using the
TD-DFT approach allowed for elucidation of the nature of
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singly occupied boundary MOs and calculations of their energy
characteristics. The calculated values of emission wavelength
are generally in a good agreement with experimental data
(Table 3). The electronic structure reorganization, associated
with the intersystem crossing and formation of the lowest
triplet state T), results in appreciable Stokes shifts and
distinguishable geometrical changes in the structure of the
excited triplet state, which also alters the contribution of the
molecular orbitals into the emissive state.

The observed emission is determined by the transition
between high and low energy singly occupied MOs (HSOMO
— LSOMO), which have mostly the 7 — z* intraligand
character (see Figure 9 and Tables S8 and S9). In the case of
solvated 3C, this domination of IL transitions and a more rigid
local environment of the alkynyls presumably accounts for the
appearance of the structured emission band with a vibronic
progression of ~1500 cm™' that is typical for aromatic
fragments. The calculated energies of emissions also clearly
show (Table 3) that complexes give appreciable blue shift of
the emission bands.

B CONCLUSIONS

In summary, the combination of bridging triphosphine ligand
(PPh,);CH and terminal alkynes HC,R allowed for the
preparation of a series of novel luminescent Cu(I) clusters
(1—6), which were obtained in the course of self-assembly
reactions in high yields. The single crystal X-ray diffraction
studies of complexes 2—S5, containing -C,CH,-4-X alkynyl
groups (X = OMe (2), H (3), Ph (4), CF; (5)), reveal an
essentially similar Cug cluster framework, which adopt a
distorted octahedral arrangement of the metal centers. On
the contrary, employment of 2-ethynylpyridine instead of
derivatives of phenylacetylene results in a dramatic change of
the cluster structural motif in comparison to 1—5. The presence
of additional coordinating functions (pyridine units) leads to an
open geometry of the metal core in 6, showing a considerably
smaller degree of metallophilic bonding. The ESI-MS measure-
ments indicate that all of the title compounds retain their
stoichiometry in solution, though the presence of intra-
molecular dynamics, assigned to the nonrigidity of the
coordination environment, was detected at room and elevated
temperatures by *'P and '"H NMR spectroscopy.

Complexes 1—6 are moderately luminescent in the solid state
at ambient temperature (®,,, up to 17%), showing a variation
of emission colors from deep-red (4., = 658 nm for 1) to green
(Aem = 508 nm for 6). Interestingly, clusters 1—5 demonstrate a
distinct and easy to detect alteration of luminescence
characteristics upon exposure to the vapors of selected volatile
organic compounds (acetone, acetonitrile). The observed
modulation of the photophysical properties is attributed to
the formation of solvates in the solid state, which was
confirmed by the structural investigations. TD-DFT computa-
tional studies show that weakly coordinating solvent molecules
give substantial variation in the nature and energy of the
orbitals responsible for emission by increasing the contribution
of the intraligand transition to give a blue shift of emission
maxima and visible variation of emission color for complexes
1-35. Reversibility of the solvent absorption makes it possible to
use these solid phases as sensors for a wide range of
coordinating solvent vapors.
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