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The reactions of tetrameric clusters [CuX(PPhs)]4 (X = Br or Cl) with a series of small size, five-member
ring N-heterocyclic thiones, 5-methyl-1,3,4-thiadiazole-2-thione (mtdztH), 5-amino-1,3,4-thiadiazole-
3-thione (atdztH) and 4,5-diphenyl-imidazole-2-thione (dpimdztH), in 1:4 molar ratio, in acetonitrile/
methanol mixtures, resulted in the isolation of symmetrical, mixed-ligand phosphane/thione-S-bridged
dicopper species of the general type [CuX(PPh;)(jt-S-thione)],, with the copper centers being in distorted
tetrahedral coordination environments consisting of a PS,X donor set. In contrast, analogous reactions
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1. Introduction

The photophysical properties of copper(l) coordination com-
pounds have triggered much research efforts in the perspective
of their potential applications as materials for organic light-emit-
ting diodes (OLEDs) and light-emitting electrochemical cells (LECs)
[1]. A number of copper(l) complexes, the majority of them being
mononuclear or binuclear complexes containing N-donor polypyr-
idine [2,3] and/or P-donor phosphane ligands [4-8], have been
reported to be luminescent at room temperature either in the solid
state or in solution. Recently, mixed-ligand copper(I) complexes
incorporating S-donor, N-heterocyclic thiones/thiolates in combi-
nation with arylphosphanes or polypyridines have also revealed
interesting photophysical properties [9-14]. On the basis of both
experimental and theoretical data, the emitting state of this type
of complexes is assigned to be of MLCT character, while their emis-
sion energies were shown to be tunable through suitable thione
modification, related to the strength of the Cu—S bond. Further-
more, studies on related luminescent copper-thiolate complexes
of different nuclearities and core geometries revealed that the
metal core structure has a profound effect on their emissive prop-
erties [15].

* Corresponding author.
E-mail address: panosangaridis@chem.auth.gr (P. Angaridis).

http://dx.doi.org/10.1016/j.ica.2017.01.007
0020-1693/© 2017 Elsevier B.V. All rights reserved.

In general, N-heterocyclic thioamides tend to coordinate to cop-
per(I) centers preferably through their soft exocyclic sulfur atom
[16], leading to the formation of simple cationic or neutral com-
plexes with a trigonal [17-20] or tetrahedral [21] ligand arrange-
ment. However, when they are combined with tertiary
phosphanes in a mixed set of ligands around the copper(I) centers,
diverse molecular architectures can be obtained. In our previous
studies on reactions of copper(I) halides with various thiones and
tertiary arylphosphanes as a second bulky c-donor/m-acceptor
ligand it was reported that, in addition to the usually formed mixed
ligand mononuclear species (Scheme 1A), symmetrical binuclear
complexes were also frequently formed, containing either the
thione ligand coordinated through the exocyclic sulfur atom in a
W-S-bridging mode (Scheme 1C) [22,23], or the halides as bridging
ligands in a Cuy(p-X), core structure (Scheme 1B) [24]. On the
basis of our observation that halide bridges were preferably
formed by the “soft” iodide rather than the “hard” chloride ion, it
was initially assumed that the type of structure that is adopted
(terminal or bridging thione/halide) is determined by the choice
of the halide used in each case [25]. However, there are quite a
few examples of related complexes in the literature in which the
reverse trend has been observed [26-28]. Consequently, not only
the copper(l) halide starting material, but also the nature of the
thione should be taken into account.
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Scheme 1. Common binding modes of N-heterocyclic thiones.

Against this background, we decided to further investigate the
factors that govern the synthesis of thione/phosphane mixed-
ligand copper(I) complexes with specific structures, and to gain
more insight into the relationship between their structures and
luminescence properties. Herein we report on the coordination
behavior of four five-membered ring heterocycles thiones, derived
from 1,3,4-thiadiazole, imidazole and tetrazole, in combination
with triphenylphosphane, and the study of the photoluminescent
properties of the resulting copper(l) compounds.

2. Experimental
2.1. General procedures and chemicals

All manipulations were carried out under atmospheric
conditions, unless otherwise mentioned. Solvents were purified
according to established methods and allowed to stand over
molecular sieves for at least 24 h prior to use. Copper(I) halides,
triphenylphosphane, 5-methyl-1,3,4-thiadiazole-2(3H)-thione
(mtdztH),  5-amino-1,3,4-thiadiazole-2(3H)-thione  (atdztH),
4,5-diphenyl-1H-imidazole-2(3H)-thione (dpimdztH) and 1-phe-
nyl-1H-tetrazole-5(4H)-thione (ptztH) were obtained from
commercial sources and used without any purification. The
compounds [CuCl(PPhs)]; and [CuBr(PPhs)]; were prepared
according to literature procedures from the respective copper(l)
halide and triphenylphosphane in refluxing CHCI; [29].

2.2. Instrumentation

Infra-red spectra were recorded on a Nicolet FT-IR 6700 spec-
trophotometer as KBr discs in the region of 4000-400 cm™~!. UV-
vis electronic absorption spectra were obtained on a Shimadzu
160A spectrophotometer as solutions 1.0 x 107*M in CHCls.
Solid-state and solution emission/excitation spectra were obtained
on a Hitachi F-7000 fluorescence spectrometer. Elemental analyses
were performed on a PerkinElmer 240B elemental microanalyzer.

2.3. X-ray crystal structure determinations

Suitable single crystals of all compounds were mounted on thin
glass fibers with the aid of an epoxy resin. X-ray diffraction data
were collected on a Bruker Apex Il CCD area-detector diffractome-
ter, equipped with a Mo Ka (1 =0.71073 A) sealed tube source, at
295 K, using the ¢ and o scans technique. The program Apex2
(Bruker AXS, 2006) was used in data collection, cell refinement,
and data reduction [30]. Structures were solved and refined with
full-matrix least-squares using the program Crystals [31]. Aniso-
tropic displacement parameters were applied to all non-hydrogen

atoms, while hydrogen atoms were generated geometrically and
refined using a riding model. Details of crystal data and structure
refinement parameters are shown in Table 1. Molecular plots were
obtained by using the program ORTEP-3 [32].

2.4. Syntheses of compounds

Compounds 1a, 1b, 2, 3, 4a and 4b were synthesized according
to the following general synthetic procedure. A suspension of
0.125 mmol of [CuX(PPhs)]4 (0.203 g of [CuBr(PPhs)], for 1a, 2, 3
and 4a or 0.180 g of [CuCI(PPhs)]4 for 1b and 4b) in 30 mL of ace-
tonitrile was heated at 50 °C for 1 h. To the resulting mixture, a
solution of 0.5 mmol of the appropriate thione in 30 mL of metha-
nol was added dropwise. The reaction mixture was further stirred
at 70 °C for 2 h and then it was filtered off in order to remove a
small amount of insoluble material. The filtrate was set aside in
dark to evaporate slowly at room temperature and over a period
of a few days crystals of the product were obtained, which were fil-
tered off and dried in air.

2.4.1. [CuBr(PPhs)(u-S-mtdztH)],, 1a

Yellow crystals. Yield: 0.178 g (66%). Anal. Calcd for 1a-CH3CN
(%): C, 47.31; H, 3.70; N, 6.27. Found (%): C, 47.20; H, 3.61; N,
6.38. IR (cm™1): 3446 br, 2960 w, 2805 w, 2731 w, 1584 w, 1541
w, 1477 s, 1461 s, 1434 s, 1386 w, 1292 m, 1200 w, 1181 w,
1158 w, 1126 w, 1095 w, 1060 w, 1047 m, 1026 w, 997 w, 858
w, 803 w, 756 s, 748 s, 705 m, 694 s, 626 w, 591 w, 519 w, 505
w, 495 w, 430 w. UV-vis (CHCl3), A/nm (loge): 252 (4.41), 310
(4.59).

2.4.2. [CuCl(PPhs)(u-S-mtdztH)],, 1b

Yellow crystals. Yield: 0.177 g (71%). Anal. Calcd for 1b-CH3CN
(%): C, 51.41; H, 4.02; N, 6.81. Found (%): C, 51.29; H, 3.89; N,
6.89. IR (cm™!): 3483 vw, 3049 w, 2958 w, 2778 w, 2715 w,
1667 w, 1585 w, 1541 m, 1471 s, 1434 s, 1387 w, 1297 s, 1200
m, 1181 vw, 1159 s, 1129 s, 1096 m, 1048 s, 1027 m, 997 w, 981
vw, 933 vw, 863 s, 844 vw, 747 s, 694 s, 627 w, 618 w, 593 vw,
520 s, 505 s, 494 s, 431 m. UV-vis (CHCI3), A/nm (loge): 251
(4.45), 309 (4.31).

2.4.3. [CuBr(PPhs)(u-S-atdztH)],, 2

Yellow-green crystals. Yield: 0.172 g (64%). Anal. Calcd for
2.CH3CN (%): C, 45.08; H, 3.51; N, 8.76. Found (%): C, 45.22; H,
3.60; N, 8.65. IR (cm™'): 3276 w, 311 87 w, 3049 w, 2901 w,
2759 w, 1612 s, 1548 s, 1484 s, 1433 5, 1368 m, 1333 m, 1178 w,
1157 s, 1095 m, 1069 m, 1045 s, 997 w, 930 w, 853 w, 745 s,
692 s, 640 w, 618 w, 543 w, 520 s, 503 s, 491 m, 429 w, 401 w.
UV-vis (CHCl3), /nm (loge): 250 (4.46), 316 (4.19).

2.4.4. [CuBr(PPhs)(u-S-dpimdztH)|», 3

Pale-yellow crystals. Yield: 0.246g (75%). Anal. Calcd for
3.2CH3CN (%): C, 59.17; H, 4.53; N, 4.06. Found (%): C, 59.31; H,
4.40; N, 4.19. IR (cm™1): 3573 w, 3431 w, 3051 w, 1629 w, 1596
w, 1571 w, 1503 s, 1480 s, 1434 s, 1209 w, 1184 w, 1157 w,
1094 m, 1071 m, 1026 w, 998 w, 913 w, 846 w, 762 mw, 744 m,
693 s, 582 w, 545 m, 518 m, 505 m., 434 w. UV-vis (CHCl3), A/
nm (loge): 252 (4.69), 289 (4.77).

2.4.5. CuBr(PPh3),(ptztH), 4a

Off-white crystals. Yield: 0.342 g (81%). Anal. Calcd for 4a (%): C,
61.03; H, 4.29; N, 6.62. Found (%): C, 60.87; H, 4.16; N, 6.48. IR
(cm™"): 3447 br, 3045 w, 2924 w, 1594 vw, 1498 m, 1481 m,
1435 m, 1389 m, 1373 m, 1302 m, 1232 w, 1094 w, 1047 w,
1020 w, 997 w, 765 m, 740 m, 692 s, 559 w, 519 m, 509 m, 487
w, 419 w. UV-vis (CHCl3), A/nm (loge): 271 (4.31).
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Table 1

Crystal data, data collection and refinement parameters for compounds 1a, 1b, 2, 3, 4a and 4b.

1a-CHsCN 1b-CH5CN 2-CH3CN 3-2CH50H 4a 4b

Chemical formula C44H41BroCusNsP,S,  CyqHgqClCunNsPRS,  CaoHzeBroCunN,P,Ss  CegHepBraCunN4OoP,S,  Cy3H3eBrCuNyPLS C43H36CICUN4P,S
Formula weight 1116.95 1028.04 1118.93 1380.24 846.25 801.80
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P-1 P-1 P24/n P24/n
Temperature (K) 295 295 295 295 295 295
Unit cell parameters
a (A) 9.2028(4) 9.2116(4) 9.038(3) 10.4050(3) 16.4535(5) 16.3509(12)
b (A) 11.8572(6) 11.6591(5) 11.417(4) 12.7045(5) 14.2300(5) 14.2672(10)
c(A) 12.5384(6) 12.5237(5) 12.439(5) 13.9816(6) 18.3630(6) 18.2914(14)
o (°) 111.068(2) 110.458(2) 111.06(2) 112.551(2) 90 90
£ (°) 98.927(2) 99.197(2) 100.09(3) 111.236(2) 113.150(2) 113.013(4)
7 (%) 104.711(2) 104.249(2) 102.33(2) 90.765(2) 90 90
Volume (A3) 1187.94(10) 1175.81(9) 1124.7(8) 1565.92(11) 3953.2(2) 3927.5(5)
z 1 4 1 1 4 4

Radiation type, 4 (A)
Absorption coefficient (mm~')
Crystal size (mm)
Diffractometer

Mo Ko, 0.71073
2.86

0.40 x 0.32 x 0.24
Bruker Kappa

Mo Ko, 0.71073
1.30

0.46 x 0.36 x 0.14
Bruker Kappa

Mo Ko, 0.71073
3.02

0.28 x 0.19 x 0.13
Bruker Kappa

Mo Ko, 0.71073
2.12

0.32 x 0.17 x 0.11
Bruker Kappa Apex2

Mo Ko, 0.71073
1.73

0.36 x 0.32 x 0.16
Bruker Kappa

Mo Ko, 0.71073
0.80

0.33 x 0.27 x 0.21
Bruker Kappa

Apex2 Apex2 Apex2 Apex2 Apex2
Absorption correction Numerical Numerical Numerical Numerical Numerical Numerical
Tmin, Tmax 0.40, 0.50 0.63, 0.83 0.56, 0.68 0.70, 0.79 0.57, 0.76 0.81, 0.85
Number of measured, 15,514, 4815, 3163 24,393, 7179, 4357 19,003, 4502, 3601 24,821, 6996, 4573 28,202, 8108, 80,888, 9641,
independent and observed 4779 5085
[I>2.00(1)] reflections
Rine 0.029 0.024 0.034 0.033 0.045 0.045
(Sin6O/L)max (A7) 0.628 0.718 0.624 0.646 0.628 0.667
R[F? > 26(F?)], wR(F?), S 0.043, 0.073, 1.00 0.028, 0.049, 1.00 0.039, 0.088, 1.00 0.044, 0.071, 1.00 0.042, 0.062, 1.00  0.042, 0.062, 1.00
No. of reflections 3143 4357 3601 4573 4779 5085
No. of parameters 265 265 265 370 469 469
No. of restraints 2 2 8 6 0 0
APmaxs APmin (e A7) 1.02, -0.74 0.37, —0.36 1.73, —0.96 1.67, —-1.05 0.49, —0.54 0.58, —0.51

2.4.6. CuCl(PPh3),(ptztH), 4b

Off-white crystals. Yield: 0.268 g (67%). Anal. Calcd for 4b (%): C,
64.41; H, 4.53; N, 6.99. Found (%): C, 64.58; H, 4.30; N, 6.78. IR
(cm™1): 3448 br, 3047 w, 2925 w, 1595 w, 1498 w, 1481 w, 1435
m, 1390 w, 1373 m, 1301 w, 1233 w, 1186 w, 1095 w, 1046 m,
1020 w, 998 w, 910 w, 847 w, 765 w, 741 m, 692 s, 618 w, 558
s,5205s,511 5,487 m, 435 w, 425 w. UV-vis (CHCl3), A/nm (logg):
257 (4.94).

3. Results and discussion
3.1. Syntheses and structures

Among the different synthetic methods that have been reported
for the synthesis of thione/phosphane mixed-ligand copper(I) com-
plexes, the most effective one uses a binary acetonitrile/methanol
solvent mixture, as acetonitrile is known to stabilize the low oxida-
tion state of the metal, while methanol to facilitate the crystalliza-
tion of the product. In a typical procedure, a suitable copper(I)
halide, dissolved in acetonitrile, reacts with two equivalents of
the triarylphosphane to form an intermediate complex, which is
then treated with a methanol solution of one equivalent of a thione
to give the final product. The complexes isolated by this method
are either mononuclear, four-coordinate complexes with the gen-
eral formula [CuX(PRs),(thione)], or binuclear compounds contain-
ing a Cuy(p-X), or a Cuy(p-S-thione), core structure (Scheme 1)
[21]. More recent studies have shown that by utilizing [CuX
(PPhs)]4 tetrameric clusters as starting material in reactions with
four equivalents of a thione under similar experimental conditions,
binuclear complexes with a mixed set of thione/phosphane ligands
and either p-X or p-S bridges are preferably formed.

In order to explore the factors that might favor the formation of
mononuclear or binuclear structures, or one type of bridge over the
other, i.e. u-X or p-S, we explored the reactivity of [CuX(PPhs)]4

(X =Br, Cl) clusters with a series of small size, five-member ring
heterocyclic thiones, namely mtdztH, atdztH, dpimdztH and ptztH
(Scheme 2), in acetonitrile/methanol mixtures, in 1:4 molar ratio.
With the first three thiones, binuclear, thione-S bridged com-
pounds with the general formula [CuX(PPhs)(p-S-thione)l, (1a,
1b, 2, and 3) were isolated in crystalline form (Scheme 3). Views
of the molecular structures of these binuclear compounds are
shown in Figs. 1-4, while selected bond length and angle parame-
ters are summarized in Table 2. Complexes 1a, 1b, 2, and 3 are cen-
trosymmetric and contain a basic structural unit consisting of two
copper atoms and two doubly bridging sulfur atoms of thione
ligands that form a four-membered Cu,(p-S,) ring. The copper cen-
ters are in distorted tetrahedral coordination environments which
are completed by a halide, and a phosphane ligand. All compounds
exhibit the usual planar, asymmetric Cu,(p-S;) core with a short
Cu—sS distance (ranging from 2.323 to 2.354 A) and a long Cu—S
distance (2.465-2.551 A) (Table 2). The Cu—P and Cu—halide bond
lengths do not differ significantly among the four complexes and
they fall in ranges that are normally found for analogous binuclear,
halide- or thione-S-bridged copper(l) compounds [18,33,34]. The
Cu---Cu interatomic distances in the four binuclear compounds
are found to be in the range of 2.754-3.016 A. The shorter inter-
metallic distance observed for compound 3, with the imidazole-
based bridging thione, is smaller than the sum of the van der Waals

/‘k HN)J\NH
5L S WO
HN \:<
S e RaRe
NH; N=N
mtdztH atdztH dpimdztH ptztH

Scheme 2. N-Heterocyclic thiones used in this work.
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Fig. 1. X-ray structure ORTEP diagram of compound 1a with displacement
ellipsoids drawn at the 35% probability level. All hydrogen atoms have been
omitted for clarity.

radii of two copper(I) atoms, suggesting a weak bonding interac-
tion between the two closed-shell metal ions. All complexes are
further stabilized through the formation of intramolecular hydro-
gen-bonds between the halide ligand of the copper atoms and
the closest NH group of the thione heterocycle Table 2.

In contrast to the abovementioned results, analogous reactions
of [CuX(PPhs)]4 (X =Br, Cl) with the phenyl-substituted tetrazole
ptztH, under identical experimental conditions as above, resulted
in the isolation of mononuclear complexes with the formula [CuX
(PPhs),(ptztH)] (X = Br (4a), X = Cl (4b)), as shown in Scheme 4. The
formulas of the two compounds are not in agreement with the
corresponding reaction stoichiometry; however, it has not been

Fig. 2. X-ray structure ORTEP diagram of compound 1b with displacement
ellipsoids drawn at the 35% probability level. All hydrogen atoms have been
omitted for clarity.

Fig. 3. X-ray structure ORTEP diagram of compound 2 with displacement ellipsoids
drawn at the 35% probability level. All hydrogen atoms have been omitted for
clarity.

possible to identify any other product from the corresponding
reaction mixtures. Views of the molecular structures of the two
mononuclear compounds are shown in Figs. 5 and 6, while selected
bond length and angle parameters are summarized in Table 2.
Crystals structures of these two mononuclear compounds have
been reported in the past, however, the compounds were obtained
from different synthetic routes and exhibit different crystal and
structural parameters [35]. The tetrahedral coordination environ-
ment around the metal centers, formed by two phosphorus atoms
of two triphenylphosphane molecules, a halide ligand, and the exo-
cyclic sulfur atom of the heterocyclic thione, is slightly distorted,
with the largest deviations being reflected by the P—Cu—X angles
of 101.80° and 103.72° for 4a and 4b, respectively. In addition,
the Cu—S and Cu—halide distances in these mononuclear
compounds are longer than the corresponding distances of the
binuclear compounds discussed above.



142 A. Koutsari et al./Inorganica Chimica Acta 458 (2017) 138-145

Q
>—C) | &noa
(L S NIAS o Br‘1A

-l
Q) N Ls1A
O ® Cu1 SLUIA

2,
51 ]
y )\ PRI
Br1 N

Fig. 4. X-ray structure ORTEP diagram of compound 3 with displacement ellipsoids
drawn at the 35% probability level. All hydrogen atoms have been omitted for
clarity.

Table 2

HNON
N

- PhsP
3
= Br, Cl SNeetH
\ \IITI

Ph3P/ =

1/4 [CuX(PPh3)ly

N-N

4a for X = Br
4b for X = Cl

Scheme 4. Synthesis of compounds 4a and 4b.

Overall, there is a number of factors that might favor the forma-
tion of either binuclear or mononuclear mixed-ligand thione/phos-
phane/halide copper(I) compounds. Among them, electronic
factors determining the thione Lewis basicity as well as stereo-
chemical demands imposed by each of the ligands should primarily
be taken into account. As far as the Lewis basicity of the thione-S
atom concerns, it seems reasonable to assume that strong
thione-S bases tend to bind to more copper centers, favoring the
formation of S-bridged dimers. In this context, considering that
the basicity of azoles decreases when the number of imino nitro-
gens increases and when there are substituents with electron with-
drawing resonance effects, the low basicity of the thione-S atom in
the tetrazole-based thione ligand ptztH (used in 4a and 4b) could
be responsible for the formation of mononuclear complexes,
whereas the increased basicity in the diazole- and imidazole-based
thione ligands mtdztH, atdztH, dpimdztH (used in 1a, 1b, 2, and 3)
accounts for the formation of S-bridged dimers. Steric hindrance

Selected bond lengths (A) and angles (°) for the centrosymmetric binuclear compounds 1a, 1b, 2, 3, and the mononuclear compounds 4a and 4b.

HN_Y P e e
Y P \s#
#
X S, P y—
Cu\ (’Cu#\
p \‘S# x#
O
1a 1b 2 3 4a 4b
X=Br X=Cl X=Br X=Br X=Br X=Cl
Y=S Y=S Y=S Y =NH Y =NPh Y = NPh
Bond distances (A)
Cu—P 2.2355(13) 2.2301(5) 2.2211(16) 2.2453(11) 2.2617(10) 2.2567(9)
2.2861(11) 2.2835(9)
Cu—X 2.4512(8) 2.3175(6) 2.4387(10) 2.4962(7) 2.5291(6) 2.3931(9)
Cu—S 2.3394(13) 2.3543(5) 2.3231(14) 2.3318(11) 2.3910(10) 2.3964(8)
Cu—s* 2.4654(14) 2.4713(5) 2.4816(15) 2.5505(14) NJA NJA
Cu---Cu® 2.943 3.016 2.983 2.754 N/A N/A
Bond angles (°)
P—Cu—X 112.59(4) 116.16(2) 115.94(5) 108.97(4) 101.80(3) 103.72(3)
107.24(3) 107.37(4)
P—Cu—S 112.58(5) 112.14(1) 113.70(5) 116.92(4) 110.53(4) 109.97(3)
104.03(4) 103.36(3)
X—Cu—S 114.97(4) 112.75(2) 113.59(4) 112.21(3) 108.75(3) 107.76(3)
S—Cu—S# 104.50(4) 102.68(2) 103.32(5) 111.50(4) N/A N/A
P—Cu—S# 113.64(5) 113.56(2) 111.72(5) 107.67(4) N/A N/A
X—Cu—S# 97.39(4) 97.94(2) 96.45(4) 97.80(3) N/A N/A
Hydrogen bonding
1a 1b 2 3 4a 4b
N—X 3.234 3.064 3.264 3.274 3.170 3.000
N—H 0.854 0.853 0.855 0.842 0.870 0.856
X—H 2.383 2.223 2.429 2.518 2.320 2.163
N—H—X 174.07 168.61 165.15 149.86 165.29 165.96
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Fig. 5. X-ray structure ORTEP diagram of compound 4a with displacement

ellipsoids drawn at the 35% probability level. All hydrogen atoms have been
omitted for clarity.

I
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Fig. 6. X-ray structure ORTEP diagram of compound 4b with displacement
ellipsoids drawn at the 35% probability level. All hydrogen atoms have been
omitted for clarity.

reasons should not be ruled out as well, since the two mononuclear
complexes 4a and 4b are obtained only for the more sterically
demanding, N1-phenyl substituted ptztH. Last, the solubility of
the complexes in the particular solvent mixture might also influ-
ence the formation of one type over the other. In particular the iso-
lation of specific solid-state structures of copper(l)/phosphane/
halide complexes is heavily influenced by choice of crystallization
solvent [36], while in many cases dynamic equilibrium schemes
have been proposed to exist in solutions of phosphane-containing
heteroleptic copper(I) complexes, which contain species with dif-
ferent solubility properties [37,38].

3.2. Infra-red spectroscopy

Corroborating evidence for the identity of the six copper(I) com-
pounds in bulk form, as well as verification of the coordination
mode of the heterocyclic sulfur containing ligands, has been
obtained by Infra-red spectroscopy. The IR spectra of all com-
pounds display bands attributed to vibrations of both triph-
enylphosphane and the corresponding sulfur donor ligands. For
example, compounds 1a and 1b contain the mtdztH ligand. The
IR spectra of free mtdztH, as well as those of the binuclear com-
pounds 1a and 1b, do not show any bands in the 2600-
2500 cm~! region, where the v(SH) mode is expected to appear,
suggesting that the ligand, either free or in its coordinating mode,
exists mainly in its thioketo, instead of the tautomeric thiole, form
[39]. The free ligand band at 1550 cm™!, assigned to v(C=N) mode,
is shifted to lower frequency at 1541 cm~! in complexes 1a and 1b
[40]. On the contrary, the free ligand band at 1268 cm™!, having
contributions mainly from the v(C—N) mode, is shifted to higher
frequency at 1296 cm™!, in agreement with the electron shift

HN—C=S :— Cu, upon coordination of the thioketo form of
mtdztH through its sulfur atom to the copper center. Accordingly,
the frequency shift of the strong band of free thione from 764 to
747 cm~! of the binuclear compounds is associated with the v
(C=S) vibration mode [41]. Analogous conclusions are drawn from
the IR spectra of the other compounds.

3.3. Photophysical measurements

The UV-Vis electronic absorption spectra of compounds 1a, 1b,
2 and 3, recorded in chloroform at room temperature, are domi-
nated by two intense bands with maxima in the ~250 and
~290-315 nm regions, while only the broad high energy band at
271 and 257 nm is shown in the spectra of 4a and 4b respectively.
With reference to the absorption spectrum of free PPhs, which
exhibits absorption bands at 245 nm, the high energy bands can
be considered as intraligand m*<—m transitions on the phenyl
groups of the phosphane moiety [4]. The lower energy band, which
lies in the region where the free thiones absorb, can be attributed
to a thione originating intraligand transition.

The photoluminescence properties of compounds 1a, 1b, 2, 3,
4a, and 4b were examined on solid-state samples at room temper-
ature. Complexes 1a, 1b, 2 and 3 were found to be emissive with
maxima of emission bands in the 430-498 nm range (Table 3
and Fig. 7). At first sight, their emission maxima seem to be
slightly dependent on the thione ligand present in each case.
In particular, photoexcitation of solid samples of complexes
[CuBr(PPhs3)(p-S-mtdztH)], (1a) and [CuCl(PPhs)(p-S-mtdztH)],
(1b) in the 310 nm region results in strong and broad emission
bands with maxima located at 498 nm and 493 nm, respectively.
These low lying emissions cannot be of pure phosphane originating
intra-ligand nature, because of their significant red shift relative to
the solid-state emission spectrum of the free PPhs, which consists
of a broad band with maximum at 433 nm [42] after photoexcita-
tion at 335 nm. On the other hand, excitation of a solid state

Table 3
Photoluminescence data for compounds 1a, 1b, 2, 3, 4a and 4b.

Compound Jmax (€mission), nm
[CuBr(PPh;)(pt-S-mtdztH)], (1a) 498
[CuCl(PPhs3)(p-S-mtdztH)], (1b) 493
[CuBr(PPhs)(p-S-atdztH)], (2) 488
[CuBr(PPhs)(pL-S-dpimdztH)], (3) 428
CuBr(PPh;3),(ptztH) (4a) 408
CuCl(PPhs),(ptztH) (4b) 404
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Fig. 7. Normalized emission spectra of compounds 1a, 1b, 2 and 3 in solid state at
room temperature.

sample of free mtdztH in the UV region produces a rather weak and
structured fluorescence emission with a maximum at 470 nm.
Thus, based on previous results obtained by TD-DFT calculations
on similar systems [6], we tentatively attribute the blue-green
emission of these complexes to a mixed MLCT/LLCT excited state
composed of a metal-to-ligand charge transfer (MLCT) of the type
Cu'>m*(PPhs) and to an intraligand charge transfer (LLCT)
mediated by the copper central metal atom. Regarding the
participation of the thione ligand to the emissive excited state,
there are controversial views in the literature. Thus, while the case
of a Cu'>S=C—N(S,N)inione MLCT is suggested [43], this possibility
is excluded by others, because sulfur is considered to preferentially
acts as a reducing ligand [44]. Furthermore, in accordance with
previous results from related compounds [8,9,45] a small shift
(~10 nm) of the emission energy is observed upon changing the
halide ligand, indicating the participation of a halide-to-ligand
charge-transfer in the emissive excited sites [46,47]. The character-
istics of the emission band of compound 2 are similar to those of
complexes 1a and 1b, whereby the maximum of the emission band
is at slightly higher energy (488 nm) and red-shifted by 30 nm
compared to the free ligand’s emission.

Excitation of a solid sample of [CuBr(PPhs)(p-S-dpimdztH)]; (3)
in the 270 nm region results in a very intense blue luminescence
with the broad emission band showing a maximum at 428 nm.
This emission appears to be red-shifted by 20 nm in comparison
to the similarly intense emission band of the free ligand dpimdztH.
While the ligand’s emission could obviously be due to either n—m*
or T—7* transitions, it is difficult to assess its contribution to the
overall constitution of the emissive excited state of the complex
3. However, the quest for the origin of the lowest lying emissive
state in this specific case should additionally take into account
the possibility of a metal centered state as, unlike in the above-
mentioned dicopper complexes, the Cu---Cu separation of
2.754A in 3 is indicative of a weak intermetallic bonding
interaction.

Solid samples of the mononuclear compounds CuX(PPhs),
(thione), X=Br (4a) and X=Cl (4b), upon photoexcitation at
360 nm, display very weak violet luminescence with emission
maxima at 408 and 404 nm, respectively. These emissions are sig-
nificantly blue shifted compared to the ones of the other four com-
pounds; however, this fact is unlikely to be associated with the
nuclearity of the complexes, since a contribution of a cluster-cen-
tered emission in the dicopper species 1a, 1b, and 2 is expected
to be negligible due to the large Cu---Cu separation. It would be

therefore more appropriate to suppose that these emissions are
of thione originating intra-ligand nature, since the solid sample
of the free ligand ptztH also shows a very weak fluorescence with
maximum at 390 nm. Finally, and not unexpectedly, the emission
band of the Br-derivative 4a is slightly red-shifted compared to
that of its Cl-counterpart 4b, indicating involvement of the halide
ligand in the emissive excited state, as in the case of 1a and 1b.
All the compounds under investigation are also luminescent in
dilute dichloromethane solutions, exhibiting emission characteris-
tics similar to the ones in solid state, which might give an indica-
tion about their stability in dichloromethane solution.

4. Concluding remarks

Herein, we present the syntheses and solid-state structures of a
series of copper(I) complexes containing a mixed set of halide (Cl
or Br), PPh; and five-membered ring heterocyclic thione ligands.
Despite the fact that all complexes were synthesized under identi-
cal experimental conditions, their solid state structures reveal two
distinct structural motifs: either binuclear, centrosymmetric com-
plexes of the type [CuX(PPhs)(u?-S-thione)], with two doubly
bridging sulfur atoms of a thione ligand, or mononuclear com-
plexes of the type CuX(PPhs),(S-thione) with the thione present
in a terminal bonding mode. Although there are no clear-cut con-
clusions to draw from, it seems that a number of factors, including
differences in Lewis basicity and steric factors of the heterocyclic
thiones used in each case, play an important role in the formation
of a specific structure in crystalline form. Furthermore, all com-
plexes are photoluminescent in the solid state at ambient temper-
ature, exhibiting emission maxima in the 400-490 nm range, while
their emission properties are strongly affected by the Lewis basic-
ity of the thione-S donor atom of the respective heterocyclic
thione, as well as (to a smaller extent) by the halide present in each
case.
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Appendix A. Supplementary data

CCDC 1483508-1483513 contain the supplementary crystallo-
graphic data for compounds 1a, 1b, 2, 3, 4a, and 4b, respectively.
These data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Sup-
plementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ica.2017.01.007.
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