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The reaction of 5-phenyl-2,2’-bipyridine (L) with a mixture of CuCl or CuBr and PPhs leads to the
formation of mononuclear heteroleptic complexes [CuL(PPhz)Cl] (1) and [CuL(PPhsz)Br] (2). According to
X-ray diffraction, 1 and 2 crystallize in the triclinic P1 and orthorhombic Pbca space groups, respectively.
The structure of 1 contains four independent molecules in the asymmetric unit. Both structures reveal
that each tetracoordinated copper(l) atom is linked to the two nitrogen atoms of L, one halogen and
one PPhz with the formation of a slightly distorted trigonal pyramidal coordination core. Both structures
are additionally stabilized by weak intramolecular w---m stacking interactions formed between the
terminal pyridine fragments of two ligands L corresponding to two adjacent molecules. Hirshfeld surface
analysis showed that the structures of both complexes are highly dominated by H.--H and H---C
contacts and also characterized by H---Hal, C---C, H---N and C---N contacts. Both 1 and 2 were found to
be emissive in the solid state at 298 K, with maxima at 596 and 610 nm, respectively, due to a (M + Hal)LCT
excited state. The observed blue-shifting of the emission maximum of 1 and 2 compared to that of the
previously reported [CuL(PPhz)l] can be explained by the replacement of the iodide by a weaker
electron-donating bromide and chloride, respectively, lowering the HOMO energy level, less influencing
the LUMO energy, and thus resulting in an increase of the HOMO-LUMO energy gap. This explanation
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complexes seem to be the most widely studied, among which
heteroleptic complexes with pyridine-containing ligands have

Introduction

Emissive transition-metal complexes are of ever increasing
interest due to their potential application in organic light-
emitting devices (OLEDs), light-emitting electrochemical cells
(LECs), chemical sensors/probes and biological labeling.* Copper(1)-
containing complexes have become an important class of lumino-
phores because of their relative abundance, low cost, attractive
photophysical properties, electroluminescence, and solar energy
conversion.” In this context, the phosphine-containing copper(i)
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attracted recent interest.>

N-heterocyclic ligands, in particular polypyridine compounds,
are known to be efficient tools to tune the luminescence properties
of copper(i) complexes.® These ligands can be easily modified by
introducing different substituents, imposing a variety of electronic,
steric and conformational effects on both the coordinated chelate
and coordination core. Furthermore, the nature of additional
ligands, in particular halides and phosphines, was found to
affect the luminescence properties of copper(i) compounds.*

N-heterocyclic compounds such as 2,2'-bipyridine, 1,10-
phenanthroline and 2,2’:6’,2"-terpyridine seem to be the
most widely used polypyridine luminophore ligands for metal
complexes as well as building units in coordination and
supramolecular chemistry. In particular, these compounds
are known to be efficient ligands for dye-sensitized solar cells.’
Furthermore, the renaissance of a highly attractive ligand,

New J. Chem.


http://crossmark.crossref.org/dialog/?doi=10.1039/c6nj00833j&domain=pdf&date_stamp=2016-05-13
http://dx.doi.org/10.1039/c6nj00833j
http://pubs.rsc.org/en/journals/journal/NJ

Published on 06 May 2016. Downloaded by Polska Akademia Nauk Instytut Fizyki Jadrowej im Henryka Niewodniczanskiego on 25/05/2016 08:50:55.

Paper

owing to the presence of three fused terpyridine-like coordina-
tion pockets, 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine has recently
been announced.® Although 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine
has been known for almost 60 years,” its coordination chemistry
remains vastly underexplored. Indeed, until recently only two
coordination compounds of 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine
were known in the literature.® However, during the last two years
the number of reported complexes built from 2,4,6-tris(2-
pyrimidyl)-1,3,5-triazine has quadrupled.’

By themselves, the aforementioned ligands exhibit an undesir-
able luminescence at short wavelengths due to the emission from
the n-n* excited state.'® Furthermore, since the 2,2"-bipyridine
framework is polarized along the 5,5"-axis,"* the introduction of
aromatic substituents into these positions leads to an increase of
the conjugation and, thus, an increase of polarization along this
axis. This, in turn, will lead to higher luminescence as well as to a
red-shift of the emission maximum.'? With this in mind, we have
recently directed our attention to 5-phenyl-2,2"-bipyridine (L),"*
which was synthesized according to the known procedure.** It was
established that the reaction of L with a mixture of Cul or
[Cu(CH;CN),]BF, and PPh; leads to the mononuclear hetero-
leptic complexes [CuL(PPh;)I] and [CuL(PPh;),]BF,, respectively.
According to diffuse reflectance spectroscopy in the solid state,
free L exhibits bands exclusively in the UV region, while the
spectra of [CuL(PPh;)I] and [CuL(PPh;),]BF, also contain bands
in the visible range up to about 500 and 600 nm. All three
compounds were found to be emissive in the solid state. DFT
calculations have shown that, while emission of L is due to the
ligand-centered © — 7* transition, luminescence of [CuL(PPh;)I]
and [CuL(PPh;),]BF, is attributed to (M + Hal)LCT and MLCT
excited states, respectively.

In this contribution, we continue our comprehensive research
into the complexation properties of L towards copper(n). We
describe the synthesis and complete structural investigation of
the mononuclear heteroleptic copper(i) complexes [CuL(PPh;)Hal]
(Hal = CI™, 1; Br, 2) as well as their solid state luminescence
properties in comparison to those of [CuL(PPhs)I] and
[CuL(PPh;),|BF,."* To assess and discuss the contribution and
influence of the intermolecular interactions, responsible for the
crystal packing, Hirshfeld surface analysis*® was performed and
the associated 2D fingerprint plots,'® obtained using the Crystal-
Explorer 3.1 software,'” as well as the enrichment ratios,'® derived
as the decomposition of the crystal contact surface between pairs
of interacting chemical species, have been calculated.

Results and discussion

The complexes 1 and 2 were prepared by reacting CuHal
(Hal = CI7, Br™) with two equivalents of PPh;, followed by the
addition of one equivalent of L (Scheme 1)."* The obtained
orange solid materials are soluble in most polar solvents.

The *'P{'"H} NMR spectra of 1 and 2 in DMSO-d;, each exhibit
a unique sharp (FWHM = 5.4 Hz) signal at 25.8 and 25.9 ppm,
respectively. The resonances in both spectra show a down-
field shift relative to free PPh;, supporting the fact that the
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Scheme 1 Synthesis of 1 and 2.

phosphorus atom coordinates with the metal ion. In contrast to
the *'P{'"H} NMR spectra, exclusively exhibiting a unique sharp
signal, the 'H NMR spectra of both complexes contain two
significantly broadened singlets at 7.97-9.13 and 10.51-11.58 ppm,
arising from the seven protons of the ligand L. This can be
explained by a slow, in the NMR timescale, equilibrium in
DMSO-d, between the coordinated and non-coordinated L in
the structure of complexes. The signals for the PPh; and the
remaining five protons of L were observed as two multiplets
from 7.26 to 7.81 ppm.

According to the X-ray data, 1 and 2 crystallize in the triclinic
space group P1 and orthorhombic space group Pbca, respec-
tively, and each comprises a discrete neutral molecule (Fig. 1).
The asymmetric unit of 1 contains four independent molecules,
namely 1-I, 1-II, 1-III and 1-IV. In both structures the copper(i)
atom is linked to the two nitrogen atoms of L, one halogen and
one PPh; affording a tetracoordinate environment. The coordi-
nation polyhedron adopted by this environment is characterized
using a t4-descriptor for four coordinated ions." The distortion
index is defined as 7, = (360 — « — f5)/141, where o and f are the
two largest bond angles around the metal ion. For perfect
tetrahedral, trigonal pyramid, seesaw and square planar geo-
metries, the 7, values are 1.00, 0.85, 0.64-0.07 and 0.00, respec-
tively. The t, values of 1-I, 1-II, 1-III, 1-IV and 2 are 0.8665,
0.8411, 0.8748, 0.8387 and 0.8655, respectively, and indicate that
the coordination geometry around Cu' is best described as a
slightly distorted trigonal pyramid. This distortion from a perfect
tetrahedral environment is due to the small bite angle of L
(Table 1). The dihedral angles between the N-Cu-N plane and
the P-Cu-Hal plane are almost perpendicular and of 89.7, 87.3,
89.9, 84.0 and 87.2° for 1-I, 1-II, 1-III, 1-IV and 2, respectively.

The two pyridine moieties of L are almost in the same plane
for both structures, which is reflected in the dihedral angles
ranging from 4.9(3) to 11.89(16)° between the two rings (Table 1).
However, the phenyl fragments deviate significantly from the
pyridine planes (Fig. 1 and Table 1).

Fig. 1 Molecular structures of 1 (left) and 2 (right). Hydrogen atoms were
omitted for clarity. Colour code: C = black, N = blue, Cl = green, | = purple,
P = orange, Cu = magenta.
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Table 1 Selected bond lengths (A) and angles (°) for 1-1, 1-1I, 1-Il,
1-IV and 2

11 1-11 1-I11 1-IV 2

Bond lengths

Cu-N 2.060(5)  2.083(4)  2.072(5)  2.084(5)  2.085(3)
2.090(4)  2.083(5)  2.102(6)  2.095(4)  2.112(3)

Cu-P 2.1719(15) 2.1897(16) 2.1823(15) 2.1933(16) 2.2047(10)

Cu-Hal  2.2809(18) 2.2765(18) 2.2798(18) 2.2774(18) 2.4405(5)

Bond angles

N-Cu-N  78.9(2) 78.9(2) 78.6(2) 78.2(2) 79.05(11)
N-Cu-P  114.76(11) 110.13(11) 113.23(12) 109.67(11) 116.94(8)
123.07(12) 119.57(12) 120.78(12) 122.07(12) 121.02(8)
N-Cu-Hal 108.98(13) 108.11(13) 109.53(13) 108.21(14) 108.80(8)
114.31(14) 109.45(14) 115.88(13) 111.37(12) 111.51(8)
P-Cu-Hal 111.98(7) 121.84(7) 113.37(6) 119.67(7) 114.59(3)
Dihedral angles
Py---Py  4.9(3) 8.8(3) 5.0(3) 8.5(3) 11.89(16)
Py---Ph(L) 32.7(3) 27.3(3) 33.8(3) 26.2(3) 18.76(17)
37.2(3) 36.1(3) 38.2(3) 34.7(3) 29.91(17)

The Cu-N and Cu-P bond lengths in 1 and 2 are 2.06-2.11
and 2.17-2.20 A, respectively (Table 1). The Cu—Cl bonds in 1
are about 2.28 A, while the Cu-Br bond in 2 is about 2.44 A. The
N-Cu-N angles are identical for both complexes and about 79°,
while the N-Cu-P, N-Cu-Hal and P-Cu-Hal angles vary from
109.67(11) to 123.07(12)°, from 108.11(13) to 115.88(13)° and
from 111.98(7) to 121.84(7)°, respectively (Table 1).

Notably, three independent molecules of 1 as well as the
molecule of the previously reported [CuL(PPh,)I]"* are each
stabilised by intramolecular C-H- - -Cu interactions, formed by
one of the ortho-H atoms of one of the phenyl rings of PPh;. The
same intramolecular interactions were also observed in the
structure of [CuL(PPh;),|BF, but arising from two ortho-H
atoms of two phenyl rings of two PPh;."* These interactions
are characterised by the following parameters: d(Cu---H) =
2.9-3.0 A and / (C-H:--Cu) = 114-121°. Three forms of C-H---M
interactions, namely: hydrogen bond, agostic and anagostic were
reported.>® Hydrogen bonds comprise 3-centre-4-electron inter-
actions with an almost linear geometry. Agostic interactions are
3-centre-2-electron interactions and characterized by the short
M. --H distance (1.8-2.2 A) and C-H- --M bond angles (90-130°).
Anagostic interactions are largely electrostatic in nature and
characterized by the long M- - -H distance (2.3-3.0 A) and large
C-H- - -M bond angles (110-170°). The observed C-H- - -Cu para-
meters in the structures of 1, [CuL(PPh;)I] and [CuL(PPh;),]BF,
fit those for the weak anagostic interactions.

Both structures 1 and 2 are additionally stabilized by weak
intermolecular parallel displaced n---n stacking interactions
with an interplanar separation of about 3.8-4.0 A (Table 2),
formed between the terminal pyridine fragments of two ligands
L corresponding to two adjacent complexes.

A closer inspection of both crystal structures revealed no
classical hydrogen bonds but further H---X short contacts.
However, based on established criteria®! these weak interactions
are not directing the crystal packing or molecular structure.

Bulk samples of 1 and 2 were studied by means of X-ray
powder diffraction analysis (Fig. 2). The experimental X-ray
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Table 2 n-- - distances (A) and angles (°) for 1 and 27
Cg(D) Cg(J) d[Cg(N-Cg(J)] = B y
1 cg(2) cg(9)" 3.999(3) 2.5(3) 325 323
cg(16) Cg(17)*  3.961(3) 5.0(3) 297  31.2
cg(23) cg(23)®  3.779(3) 0 275  27.5
2 Cg(2) cg2)™ 3.784(2) 0 22,7  22.7

% Cg(D)-Cg(J): distance between ring centroids; o: dihedral angle
between planes Cg(l) and Cg(J); f: angle Cg(l) — Cg(J) vector and
normal to plane I; y: angle Cg(I) — Cg(J) vector and normal to plane J.
b symmetry transformations used to generate equivalent atoms: #1 x,
1+y,z;#22—-x1-y,1—2z#31—x,1—y,1— z Cg(2): N(22)-C(23)-
C(24)-C(25)-C(26)-C(27); Cg(9): N(142)-C(143)-C(144)-C(145)-C(146)-
C(147); Cg(16): N(62)-C(63)-C(64)-C(65)-C(66)-C(67); Cg(17): N(69)-
C(68)-C(70)-C(71)-C(72)-C(73); Cg(23): N(102)-C(103)-C(104)-C(105)-
C(106)-C(107). © Symmetry transformations used to generate equivalent
atoms: #11 — x,2 — y, 1 — 2. Cg(2): N(22)-C(23)-C(24)-C(25)-C(26)-C(27).

powder patterns are in agreement with the calculated powder
patterns obtained from the single crystal X-ray analyses, showing
that the bulk materials 1 and 2 are free from phase impurities.

In order to examine the interactions in the crystal structures
of 1 and 2, the Hirshfeld surface analysis'> and the 2D finger-
print plots'® were obtained using CrystalExplorer 3.1."” As the
structure of 1 contains four independent molecules in the
asymmetric unit, four different Hirshfeld surfaces were obtained
for 1-I, 1-II, 1-III and 1-IV.

According to the Hirshfeld surface analysis, for all molecules
of 1 as well as for 2, the intermolecular H---H contacts,
comprising from 52.1 to 55.6% (Fig. 3) of the total number of
contacts, are highly dominant contributors to the crystal pack-
ing. The shortest H---H contacts are shown in the fingerprint
plots as characteristic spikes at d. + d; ~ 2.2-2.3 A (Fig. 3). A
subtle feature is evident in the fingerprint plots of 1-III, 1-IV and
2 and less visible in the corresponding plot of 1-II where in each
of these cases a distinct splitting of the short H- - -H fingerprint is
observed. This splitting occurs when the shortest contact is
between three atoms, rather than a direct two-atom contact.*®

The structures of all molecules of 1 and 2 are also domi-
nated by H- - -C contacts, comprising from 27.4 to 31.3% (Fig. 3)

Normalised Intensity (a. u.)

4 8 12 16 20 24 28 32 36 40
20 (°)
Fig. 2 Calculated (black) and experimental (red) X-ray powder diffraction
patterns of 1 (top) and 2 (bottom).

New J. Chem.


http://dx.doi.org/10.1039/c6nj00833j

Published on 06 May 2016. Downloaded by Polska Akademia Nauk Instytut Fizyki Jadrowej im Henryka Niewodniczanskiego on 25/05/2016 08:50:55.

Paper

View Article Online

NJC

EmH..H
I H...C
I H...Hal
mmC..C
B H...N
m C...N

20 [de 2a e 2 e 29 [de 20 e 20 [de 20 [de

26 26 3 26 p y 26 26 26

24 24 24 24 2 24 24

22 22 22 22 g 22 22 %

20 20 20 20 j 20 20

18 18 18 18 18 18

16 16 16 16 16 16

14 14 14 14 14 14

12 12 12 12 12 12

w n n n n n

o8 o8 o8 Y os o8 o8

06 o6 p o6 . 05 06 06 . o6

Compound 1-1 H--H 54.9% 4] ** n-c 28.1% AR e 9.2% C-C reciprocal 5.3% H--N 21% C-+N reciprocal 0.5%

@ nsnllnlllAlﬁlKZHZZIAZSZJ (A) 0.6 08 1.0 1.2 14 1.6 1.8 2.0 22 2.4 26 28 (A) 0.6 08 10 1.2 14 1.6 1.8 2.0 22 2.4 26 28 A) nsnllnlllAlillZ"2111261| @A) nsnxlnl:ulﬁuznzzuz&u A) nsnxxalzuliuznzzuzf»u [ usnxmlluliuznzzuzsu

25 |de 25 |de 25 |de 25 |de 25 [de 25 [de 25 [de

26 26 2 25| 26 26 26

24 24 24 u| 24 : 24 24

2 22 22 2 22 A 22 22

20 20 20 20 20 RS 20 20

18 18 18 1 18 18 18

16 1 16 1 16 16 16

14 1 14 1 14 14 14

12 12 12 1 12 12 12

m n w0 n 10 10 10

08 08 08 08 ‘ 08 08 08

¢ |Compound 1-11 d *° [H--H reciprocal 55.6% d| *° [H-C reciprocal 27.4% d ** H~Cl reciprocal 9.6% d| *°|CC reciprocal 5.1% d| *° [H-N reciprocal 19% d| **|CN reciprocal 0.5%
() 06081013 14 16 152022 142628 () 0608 10 12 14 16 182023 142628 () 0608 1013 14 16 182023 142628 (A) 06081012 14 16 182023242628 (A) 0608 1012 14 L6 182033242628 (A) 0608 1012 14 L6 182033242638 (A) 0608 1012 14 16 1820332426 28

2 |de 2 |de 2 |de 28 ‘dr 2 |de 28 de 28 e

26 26 2 2 26 26 2

24 24 24 2 e 24 24 24

22 22 22 2 < 22 s 22 2

20 20 20 20 4 20 20 20

18 18 18 18 3 18 18 18

16 16 16 1 16 16 16

14 14 14 1 14 14 14

12 12 12 I 12 12 12

10 10 10 1 10 10 10

o8 o8 o8 o o8 o8 os

¢ |Compound 1-111 dj " |H-H reciprocal 54.6% dj " |H-C reciprocal 27.8% dy " H~Cl reciprocal 9.5% dy| "*|CC reciprocal 5.2% dy " |HN reciprocal 2.0% d; " |CN reciprocal 0.8%
() 06081012 14 16 152023 142628 () 06 08 10 12 14 L6 182023 1426 28 () 0608 1013 14 L6 182023 142628 (A) 06081012 14 16 182023242628 (A) 0608 1012 14 L6 182023242628 (X) 0608 1012 14 L6 182033242628 (A) 06 08 1012 14 16 1820332426 28

28 d’ 28 d’ 28 d’ 28 d’ 28 d' 28 d' 28 d'

26 26 26 < 25 26 26 26

24 24 24 24 B 24 : 24 24

22 22 22 2 T 22 N 22 2

20 20 20 20 i 20 S 20 20 7

16 16 16 15 16 16 16

14 14 14 14 14 14 14

12 12| 12 I 12 12 12

10 10 10 1 10 10 10

o8 o8 o8 o o8 o8 o8

¢ |Compound 11V d} " |H-H reciprocal 55.3% d) " |HC reciprocal 28.3% d) "’ [H~Clreciprocal 9.4%  dj| "*|C~Creciprocal 48%  d;| *° |H~N reciprocal 1.9% *¢|CNreciprocal 0.3%  d,
() 06081013 14 16 182033 1426 28 () 0608 10 12 14 16 182023 142628 () 0608 1013 14 L6 182023 142628 (A) 06081012 14 16 182023242638 (A) 0608 1012 14 L6 182023242638 (X) 06081012 14 L6 182033243638 (k) 06 08 1012 14 L6 18 2033 2426 38

2 |de 2 |de 2 |de 29 [de 2 |de 2 |de 2 |de

2 26| 26 2 26 26 26

24 24 24 2 ; 24 24 24

22 2 22 2 s’ 22 22 22

20 20 20 2 20 20 20 ﬁ_

18 18 18 18 b 18 18 18 chak

16 16 16 1s 16 16 16

14 14 14 14 14 14 14

12 12 12 1 12 12 12

10 10 10 1 10 10 10

o8 o8 o8 0s o8 o8 o8

06 06 2 06 @ 05 ‘ % 06 . 06 o 06 "

Compound 2 4 *° [H-H reciprocal 52.1% 4 *° [H~C reciprocal 313% d ** [HBr reciprocal 10.0% d) *°|CC reciprocal 3.5% d *° [H-N reciprocal 2.9% d) **|CN reciprocal 0.2%

(A) 0.6 0810 12 14 1.6 1.8 2.0 22 2.4 2.6 28 (A) 0.6 08 1.0 12 14 1.6 1.8 2.0 22 2.4 26 28 (A) 0.6 08 1.0 1.2 14 1.6 1.8 2.0 22 2.4 26 2.8 (A) 0608 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 26 28 (A) 0.6 08 1.0 12 14 1.6 1.8 2.0 22 2.4 2.6 28 (A) 0.6 08 1.0 12 14 1.6 1.8 2.0 22 2.4 26 28 (A) 0.6 08 1.0 12 14 1.6 1.8 2.0 22 2.4 26 28

Fig. 3 Relative contributions of intermolecular contacts to the Hirshfeld surface area in 1-1, 1-11, 1-11l, 1-IV and 2 (top). 2D and decomposed 2D

fingerprint plots of observed contacts for 1-1, 1-IlI, 1-11l, 1-IV and 2 (bottom).

of the total Hirshfeld surface areas. These contacts in the
corresponding fingerprint plots are shown in the form of
“wings” with the shortest d. + d; ~ 2.6-2.7 A (Fig. 3), which
are recognized as the characteristic of a C-H- - -1 interaction.®
All plots contain one more C-H---m interaction and, as a
result, the overall “sawtooth” shape on the upper left and
lower right of the plots is observed (Fig. 3). It is worth adding
that the fingerprint plots of all molecules of 1 and 2 each
exhibit a significant number of points at large d. and dj,
shown as tails at the top right of the plots (Fig. 3). These
points, similar to those observed in the fingerprint plot of
benzene'® and phenyl-containing compounds,>* correspond
to regions on the Hirshfeld surface without any close contacts
to nuclei in adjacent molecules.

The structures are further characterized by a significant
proportion of H-:--Cl in 1-I, 1-II, 1-III and 1-IV or H- - -Br in 2

contacts, comprising from 9.2 to 10.0% of the molecular surface
(Fig. 3). The shortest H- - -Hal contacts are shown on the finger-
print plots as a pair of spikes at d. + d; ~ 2.6-2.7 A (Fig. 3). Also
worth mentioning is the contribution of C- - -C contacts ranging
from 3.5 to 5.3% (Fig. 3) in both structures. They are shown on
the fingerprint plots as areas on the diagonal at d. = d; ~ 1.7-2.2 A
(Fig. 3). These contacts correspond to the presence of the above-
mentioned 7 - -1 stacking interactions in the crystal structures.

Close inspection of the other intermolecular contacts also
revealed a negligible proportion of H- - -N (1.9-2.9%) and C- - -N
(0.2-0.8%) contacts in the structures of all molecules of 1 and 2
(Fig. 3). No other contacts were found in the structures.

We have also determined the enrichment ratios (E)'® of the
intermolecular contacts for all molecules of 1 and 2 to study
the propensity of two chemical species to be in contact. The
enrichment ratio, derived from the Hirshfeld surface analysis,">"”

New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016


http://dx.doi.org/10.1039/c6nj00833j

Published on 06 May 2016. Downloaded by Polska Akademia Nauk Instytut Fizyki Jadrowej im Henryka Niewodniczanskiego on 25/05/2016 08:50:55.

View Article Online

NJC Paper
Table 3 Hirshfeld contact surfaces and derived “random contacts” and “enrichment ratios” for 1-I, 1-I1, 1-1ll, 1-IV and 2

1-1 1-11 1-II1 1-IV 2

H C N Cl H C N Cl H C N Cl H C N Cl H C N Br
Contacts (C, %)*
H 54.9 — — — 55.6 — — — 54.6 — — — 55.3 — — — 52.1 — — —
C 28.1 5.3 — — 27.4 5.1 — — 27.8 5.2 — — 28.3 4.8 — — 31.3 3.5 — —
N 2.1 0.5 0.0 — 1.9 0.5 0.0 — 2.0 0.8 0.0 — 1.9 0.3 0.0 — 2.9 0.2 0.0 —

Cl/Br 9.2 0.0 0.0 0.0 9.6 0.0 0.0 0.0 9.5

Surface (S, %)
74.6 19.6 1.3 4.6 75.1 19.1 1.2 48 743

Random contacts (R, %)

H 55.7 — - — 56.4 — - - 55.2
C 29.2 3.8 —  — 287 3.6 - — 29.0
N 1.9 0.1 0.0 — 1.8 0.1 0.0 — 2.1

Cl/Br 6.9 1.8 0.1 0.2 7.2 1.8 0.1 0.2 7.1

Enrichment (E)”

H 099 — - — 0.99 — - - 0.99
C 0.96 1.39 — — 0.95 142 — — 0.96
N 111 — - — 1.06 — - - 0.95
Cl/Br 1.33 0.00 — — 1.33 0.00 — — 1.34

0.0 0.0 0.0 9.4 0.0 0.0 0.0 10.0 0.0 0.0 0.0

19.5 1.4 48 751 19.1 1.1 4.7 74.2 19.3 1.6 5.0

— — — 564 — — — 551  — - —
38 — — 287 36 — — 286 37 — —
01 00 — 17 01 00 — 24 01 00 —

1.9 0.1 0.2 7.1 1.8 0.1 0.2 7.4 1.9 0.2 0.3

— — — 098 — — — 095 — - -
137 — — 099 133 — — 109 095 — —
— - - 112 — - - 121 — - -
000 — — 132 000 — — 135 000 — —

“ Values are obtained using CrystalExplorer 3.1.'” ” The “enrichment ratios” were not computed when the “random contacts” were lower than

0.9%, as they are not meaningful.'®

is defined as the ratio between the proportion of actual contacts in
the crystal and the theoretical proportion of random contacts. E is
larger than unity for pairs of elements with a higher propensity to
form contacts, while pairs which tend to avoid contacts yield an E
value lower than unity.

The H- - -H and H: - -C contacts are favoured in the structures
of all molecules of 1 and 2 since the enrichment ratios Ey; and
Eyc are close to unity (0.95-1.09) and are responsible for an
overwhelming majority of contacts of the interaction surface
(52.1-55.6% for H---H contacts and 27.4-31.3% for H---C
contacts) (Table 3). The same is observed for H---N, H---Hal
and C---C contacts, which show an increased propensity to
form (Eyy = 0.95-1.21, Eyyyya = 1.32-1.35, Ecc = 0.95-1.42). This
is due to relatively low values of random contacts Ry, Ripal
and Rgc compared to their corresponding proportions on the
total Hirshfeld surface area (Table 3).

As in the emission spectrum of [CuL(PPh;)I],"* the fluores-
cence spectra of 1 and 2 at 298 K show two bands upon
excitation at deye = 360 nm. The high-energy band is centred
at about 420 nm in the spectra of both complexes, while the
low-energy band is at 596 and 610 nm for 1 and 2, respectively.
The high-energy emission is due to the fluorescence emission
from a ligand-centred = — n* transition of L,"* while the latter
red-shifted emission bands, which can be isolated upon excita-
tion with visible light at /ey, = 500 nm (Fig. 4), are assigned to
the mixed (M + Hal)LCT excited state."®> The observed blue-
shifting of the emission maxima of 1 and 2 compared to that of
[CuL(PPh3)I]"® can be explained by the replacement of the
iodide by a weaker electron-donating chloride and bromide,
respectively, lowering the HOMO energy level, less influencing
the LUMO energy, and thus resulting in an increase of the
HOMO-LUMO energy gap. This is further supported by com-
parison with the recently reported emission maxima at 630 and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

Normalised Emission (a. u.)

T T L) L}
500 550 600 650 700 750
A (nm)
Fig. 4 Normalised solid-state emission (lexe = 500 nm) spectra of 1

(black), 2 (red) and [CuL(PPh3)II** (blue) at 298 K (solid line) and 77 K
(dashed line).

575 nm of [CuL(PPh;)I] and [CuL(PPh;),]BF,, respectively."’
The emission maxima of 1, 2 and [CuL(PPh;)I] are slightly
(12-16 nm) shifted to longer wavelengths when the temperature
was lowered to 77 K (Fig. 4). All observed emission spectra at
both 298 and 77 K are broad without any vibrational features.

Conclusions

In summary, we have synthesised two mononuclear heteroleptic
copper(l) complexes, [CuL(PPh;)Cl] (1) and [CuL(PPh;)Br] (2),
with 5-phenyl-2,2'-bipyridine (L) and PPh;, using two different
metal sources, namely CuCl and CuBr, respectively. According to
single crystal X-ray diffraction, both complexes are discrete
neutral molecules, each revealing a tetracoordinated copper(i)
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atom, which is linked to the two nitrogen atoms of L, one
halogen and one PPh; with the formation of a slightly distorted
trigonal pyramidal coordination core. Complex 1 displays four
symmetry-independent molecules in the asymmetric unit, which
can be explained through additional stabilization of the struc-
ture through cycling the chirality of the triphenylphosphine and
the Cu atom through all possible enantiomers and diastereomers,
and thus interleaving the triphenylphosphine groups in a double
layer on the one hand, and ligand L and the chlorine atom in
another double layer on the other hand. Both structures are
additionally stabilized by weak intermolecular =---m stacking
interactions formed between the terminal pyridine fragments of
two ligands L corresponding to two adjacent molecules.

Hirshfeld surface analysis showed that the structures of
both complexes are highly dominated by H---H and H---C
contacts and also characterized by H---Hal, C---C, H---N and
C---N contacts.

Both 1 and 2 were found to be emissive in the solid state,
with the maxima at 596 and 610 nm, respectively, due to
a (M + Hal)LCT excited state. The observed blue-shifting of the
emission maximum of 1 can be explained by the replacement
of the bromide by a weaker electron-donating chloride,
lowering the HOMO energy level, less influencing the LUMO
energy, and thus resulting in an increase of the HOMO-LUMO

energy gap.

Experimental
Physical measurements

NMR spectra in DMSO-dg were obtained on a Bruker Avance
300 MHz spectrometer at 25 °C. "H and *'P{"H} NMR spectra
were recorded at 299.948 and 121.420 MHz, respectively. Chemical
shifts are reported with reference to SiMe, (*H) and 85% H3PO,
(*'P{*H}). Solid-state emission spectra were obtained using
a Fluorolog-3 (Jobin-Yvon-Spex Company) spectrometer. All
emissions spectra were normalized to allow meaningful com-
parisons. Elemental analyses were performed on a Thermo-
quest Flash EA 1112 Analyzer from CE Instruments.

Hirshfeld surface analysis

The Hirshfeld molecular surfaces'® and their associated 2D
fingerprint plots'® were generated using the CrystalExplorer 3.1
software'” from the crystal structures. The d,qm, (normalized
contact distance) surface and the breakdown of the 2D finger-
print plots were used for decoding and quantifying the inter-
molecular interactions in the crystal lattice. The dporm i a
symmetric function of distances to the surface from the nuclei
inside (d;) and outside (d.) the Hirshfeld surface, relative to
their respective van der Waals radii. 2D fingerprint plots were
generated using d; and d. in the translated 0.4-3.0 A range and
including reciprocal contacts as a pair of coordinates in 2D
histograms. A color gradient in the fingerprint plots ranging
from blue to red is used to visualize the proportional contribution
of contact pairs to the global surface.
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Enrichment ratio

The enrichment ratio (E)'® of a pair of elements (X,Y) is the ratio
between the proportion of actual contacts in the crystal and the
theoretical proportion of random contacts. E is larger than
unity for pairs of elements which have a high propensity to
form contacts in crystals, while pairs which tend to avoid
contacts with each other yield an E value lower than unity.
E values are calculated from the percentage of contacts, which,
in turn, are given by the CrystalExplorer 3.1 software,'” between
one type or two types of chemical elements in a crystal packing.

Synthesis of 1 and 2

A solution of L (0.1 mmol, 23.2 mg) in CH,Cl, was added
dropwise under vigorous stirring to a mixture of CuCl or CuBr
(0.1 mmol; 10.0 and 14.3 mg, respectively) and PPh; (0.2 mmol,
52.5 mg) in the same solvent (10 mL). The mixture was stirred
at room temperature for 1 h. The solvent was then removed
in vacuo. Complexes were isolated by recrystallisation from a
1:4 mixture of CH,Cl, and n-hexane.

1. Orange crystals. Yield: 49.9 mg (84%). '"H NMR, §: 7.26-
7.42 (m, 6H, 0-H, PPh;), 7.45-7.81 (m, 15H, m-H + p-H, PPhy; L),
7.97-9.08 (br. s, 5H, L), 10.51-11.47 (br. s, 2H, L) ppm. *'P{'H}
NMR, 0: 25.8 (s) ppm. Anal. calc. for C34H,,CICuN,P (593.57):
C 68.80, H 4.58, N 4.72. Found: 68.72, 4.64, N 4.78%.

2. Orange crystals. Yield: 58.7 mg (92%). 'H NMR, J: 7.30-
7.52 (m, 6H, 0-H, PPh;), 7.51-7.75 (m, 15H, m-H + p-H, PPh;; L),
8.09-9.13 (br. s, 5H, L), 10.69-11.58 (br. s, 2H, L) ppm. *'P{'H}
NMR, 4: 25.9 (s) ppm. Anal. calc. for C3,H,;BrCuN,P (638.03):
C 64.01, H 4.27, N 4.39. Found: 63.90, 4.21, N 4.46%.

X-Ray powder diffraction

X-Ray powder diffraction of bulk samples was carried out using
a MARS345 diffractometer equipped with a rotating anode
(MoKa radiation) and a XENOCS focusing mirror.

Single-crystal X-ray diffraction study

The X-ray data for 1 and 2 were collected at 150(2) K on a
Mar345 image plate detector using MoKa radiation (Xenocs
Fox3D mirror). The data were integrated with the CrysAlis(Pro)
software.”® The implemented empirical absorption correction
was applied. The structures of 1 and 2 were solved by SHELXS>*
and refined by full-matrix least squares on |F°|, using
SHELXL2014/7.>> Non-hydrogen atoms were anisotropically
refined and the hydrogen atoms were placed on calculated
positions in riding mode with temperature factors fixed at
1.2 times U.q of the parent atoms. For 1 the measured crystal
was found to be twinned and the TWINROTMAT procedure in
PLATON® was used to deconvolute the two twin domains.
Figures were generated using the program Mercury.>”

Crystal data for 1. C;,H,,CICuN,P, M, = 593.53 g mol !,
triclinic, space group P1, a = 16.837(2) A, b = 19.0230(16) A,
c=19.862(3) A, o = 115.622(11)°, f = 101.572(12)°, y = 90.310(9)°,
vV = 5588.7(13) A%, Z = 8, p = 1.411 g ecm™®, u(Mo-Ka) =
0.961 mm™ ", reflections: 18953 collected, 18953 unique, Riy =
0.000, R4(all) = 0.0746, wRy(all) = 0.1435.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Crystal data for 2. C;,H,,BrCuN,P, M, = 637.99 ¢ mol ',
orthorhombic, space group Phca, a = 9.5272(3) A, b = 18.5794(6) A,
¢ = 32.0159(14) A, V = 5667.1(4) A*, Z = 8, p = 1.496 g cm >,
w(Mo-Ko) = 2.264 mm ™, reflections: 32759 collected, 5112
unique, R;,. = 0.085, Ry(all) = 0.0604, wR,(all) = 0.0827.
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