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ABSTRACT: Phosphorescent binuclear copper(I) complexes [Cu,(BrphenBr),(Ph,P(CH,),PPh,),](ClO,), with different
conformations are obtained by reaction of [Cu(NCCH,),]ClO,, 3,8-dibromo-1,10-phenanthroline (BrphenBr), and
corresponding diphosphine ligands, where n = 1, 4, 5, and 6 in complexes Cu-1, Cu-2, Cu-3, and Cu-4, respectively. Complex
Cu-4 exhibits both the eclipsed and the staggered conformations of 18-membered Cu,C,,P, metallacycles in a 1:1 ratio in the
crystal structure. All complexes are very stable to air and moisture in the solid state because of the high level of protection of all
the Cu(I) centers, N and P atom centers resulting from the close contact of BrphenBr and diphosphine ligands, and what is more
important is that there exist very soft P donors and the chelating effect of aromatic N atoms. The ESI-MS result through
changing the collision cell energy from 0 to 20 eV suggests that the corresponding [Cu,(Ph,P(CH,),PPh,),]*" cations are the
thermodynamically stable species, while [Cu,(BrphenBr),(Ph,P(CH,),PPh,),](ClO,), are stable products in crystallization
kinetics in solutions. All complexes Cu-1—Cu-4 display good aggregation-induced phosphorescence emission (AIPE) behavior in
CH,Cl,/hexane mixed solvents, which are suggested to arise from restriction of intramolecular rotation. Aggregation-induced
emission (AIE) of complexes Cu-1—Cu-4 in PBS/DMSO (99:1, v:v) is used for living HeLa cell imaging successfully with green

3 in the solid state

intracellular emission image.

B INTRODUCTION

Heavy-metal complexes that possess d° d°, and d'° electron
configuration show strong spin—orbit coupling, resulting in
efficient intersystem crossing from the singlet excited state to
the triplet one and intense phosphorescent emission." Due to
the unique characteristics of relative long radiative decay times
at the level of microseconds, these phosphorescent heavy-metal
complexes as bioimaging probes provide a chance to eliminate
autofluorescence from biological sample through time-gated
technique. To date, a large of heavy-metal complexes have
successfully been developed as photoluminescent probes for
bioimaging.”~ ' However, all of the reported phosphorescent
complexes for bioimaging are focused on noble metal
complexes, including Re(1),® Ru(Il),” Os(I1),® Ir(111),°"'°
Pt(11),"”"® and Au(I) complexes,” and the relatively high
cost of the noble-metal systems will limit their wide application
in bioimaging probes. Therefore, it is necessary to design and
synthesize noble-metal-free phosphorescent complexes for
luminescent bioimaging.
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Cu(I) complexes possess d'° electronic structure and provide
a tunable phosphorescent emission at room temperature and a
long luminescence lifetime of several microseconds. To date, a
series of Cu(I) complexes has been applied in OLED,***
solar-energy conversion devices,>""**
Unfortunately, no example of a phosphorescent Cu(I) complex
has been reported in application of luminescent bioimaging due
to the instability caused by the oxidization and disproportio-
nation of the Cu(I) ion. In the past decade, the study of
phosphorescent Cu(I) complexes has mainly focused on
Cu(I)—diimine complexes, especially the mixed-ligand Cu-
(I)—diimine—diphosphine [Cu(diimine)(PP)]* and
[Cu,(diimine),(PP),]** (PP = diphosphine ligand) complexes
due to the relatively abundant resource, less expensive noble-
metal-free characteristics, controllable electronic and stereo-
chemical characteristics of ligands, and good luminescent
performance.38_53 A recent report showed some Cu(I)—
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Scheme 1. Synthetic Routes to Complexes Cu-1-Cu-4
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diimine—diphosphine complexes can be used as photo-
sensitizers for photocatalytic reduction of protons from water
at room temperature.31 In particular, the binuclear complex
[Cu,(dmp),(dppb),](PF¢), (dmp = 2,9-dimethyl-1,10-phenan-
throline, dppb = 1,4-bis(diphenylphosphino)butane) has been
proved to be a stronger emitter with a higher quantum yield
and a longer lifetime than the corresponding chelating
mononuclear [Cu(dmp)(dppe)]PFs (dppe = 1,2-bis-
(diphenylphosphino)ethane) and [Cu(dmp)(dppp)]PF;
(dppp = 1,3-bis(diphenylphosphino)Erog)ane) complexes (see
Figure S1, Supporting Information).”> > These observations
have attracted our interest to expand the application of
[Cu,(diimine),(PP),]** complexes in luminescence bioimag-
ing.

In these present study, four binuclear mixed-ligand Cu(I)
complexes [Cu,(BrphenBr),(Ph,P(CH,),PPh,),](ClO,),
(BrphenBr = 3,8-dibromo-1,10-phenanthroline; Ph,P-
(CH,),PPh, = bridging diphosphine ligands, n = 1, 4, 5, or 6,
Scheme 1) were designed and synthesized. Interestingly, these
four Cu(I) complexes displayed significant aggregation-induced
phosphorescence emission (AIPE). Furthermore, the uptake
behavior of these Cu(I) complexes with living cells was
investigated. This is the first example that Cu(I) complexes
with AIPE properties could be used as a phosphorescent probe
for luminescence bioimaging.

B EXPERIMENTAL SECTION

Materials. The reagents bis(diphenylphosphino)methane (dppm),
dppb, 1,5-bis(diphenylphosphino)pentane (dpppen), and 1,6-bis-
(diphenylphosphino)hexane (dpph) were commercially available and
used without further purification. Phosphate-buffered saline (PBS),
Fetal Bovine Serum (FBS), and dimethyl sulfoxide (DMSO) were
obtained from Acros. BrphenBr and [Cu(CH;CN),]ClO, were
prepared by the published methods.’**” All solvents were purified
and distilled by suitable procedures before use. All other reagents were
of analytical grade and used as received.

Instruments. Infrared (IR) spectra were recorded from KBr pellets
using a Bruker Optics TENSOR 27 FT-IR spectrophotometer. UV—
vis absorption spectra were determined on a Purkinje General TU-
1901 UV—vis spectrophotometer. Elemental analyses (C, H, and N)
were carried out on a Perkin-Elmer model 240C elemental analyzer.
'H and *'P NMR spectra were obtained from the solutions in DMSO-
ds and CD,Cl, using a Bruker-400 spectrometer with Me,Si as an
internal standard and 85% H;PO, as an external standard, respectively.
Electrospray ionization mass spectra (ESI-MS) analyses were carried
out with a Bruker-micro-TOFQ-MS analyzer using a DCM/methanol
mixture for the mobile phase. Steady-state emission spectra were
obtained with a Hitachi F4500 fluorescence spectrophotometer.
Emission lifetimes were measured on an Edinburgh F900 fluorescence
spectrometer under air, and the resulting emission was detected by a
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thermoelectrically cooled Hamamatsu R3809 photomultiplier tube.
The photoluminescence yield in the solid state under air at room
temperature is defined as the ratio of the number of photons emitted
to the number of photons absorbed by the system and was measured
under air on an Edinburgh analytical instrument FLS920 with an
integrating sphere established by Wrighton et al.*®

Cell Culture. The HeLa (Human epithelial cervical cancer cell
line) was provided by the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences. The HeLa cells were grown in RPMI
1640 (Roswell Park Memorial Institute’s Medium) supplemented with
10% FBS at 37 °C and 5% CO,. Cells were plated on 18 mm glass
coverslips and allowed to adhere for 24 h.

Confocal Luminescence Imaging. The 1 mM stock solutions of
Cu-1—Cu-4 were prepared in DMSO and then diluted to 10 uM with
PBS. Incubation of HeLa cells with 10 M complexes Cu-1—Cu-4 in
PBS/DMSO (99:1, v/v, pH = 7.4) for 15 min was used for imaging
experiments. Confocal luminescence imaging of cells was performed
with an OLYMPUS FV1000 confocal fluorescence microscope
equipped with a 60X oil-immersion objective lens, excitation at 405
nm was carried out with a semiconductor laser, and the emission was
collected at 520 + 20 nm.

Synthesis of Complexes. All reactions were carried out under
anhydrous and anaerobic conditions using standard Schlenk
techniques under an atmosphere of dry argon at room temperature.

[Cu,(BrphenBr),(u-dppm),I(ClO,),-2CH,Cl, (Cu-1-2CH,Cl,). [Cu-
(CH;CN),]ClO, (32.6 mg, 0.100 mmol) was added to a degassed
DCM solution (about 10 mL) of BrphenBr (33.6 mg, 0.100 mmol)
and dppm (39.2 mg, 98%, 0.100 mmol). A pale yellow solution was
obtained quickly and then stirred for 5 h at room temperature. After
filtration, layering n-hexane onto the DCM solution produced the
product as pale yellow crystals in 61.7% yield (59.6 mg). Anal. Calcd
for CrgHgoBr,ClsCu,N,O4P,: C, 47.04; H, 3.12; N, 2.89. Found: C,
47.40; H, 3.24; N, 2.95. ESI-MS (m/z): 831.15 [Cu(dppm),]* (calcd
831.17); 784.933 [Cu,(BrphenBr),(u-dppm),]**/2 (caled 784.937);
738.7050 [Cu(BrphenBr),]* (calcd 738.7047); 616.990
[Cu,(BrphenBr) (u-dppm),]**/2 (caled 616.993); 593.878
[Cu,(BrphenBr),(u-dppm)]**/2 (caled 593.877); 447.042 [Cu,(u-
dppm),]**/2 (caled 447.049). '"H NMR (400 MHz, DMSO-d, §,
ppm): 8.963 (s, 4H, BrphenBr), 8.615 (s, 4H, BrphenBr), 7.952 (s, 4H,
BrphenBr), 7.139—6.945 (m, 40H, PPh,), 4.235 (br, 4H, PCH,P). *'P
NMR {'H NMR} (400 MHz, DMSO-d, &, ppm): —5.265, —10.027.
'"H NMR (400 MHz, CD,Cl,, §, ppm): 8.636 (s, 4H, BrphenBr), 8.598
(s, 4H, BrphenBr), 7.930 (s, 4H, BrphenBr), 7.173—6.992 (m, 40H,
PPh,), 4068 (m, 4H, PCH,P). *'P NMR {'H NMR} (400 MHz,
CD,Cl,, 6, ppm): —7.992, —14.544. IR spectrum (KBr, cm™): 1096vs
(C1o,7).

[Cu,(BrphenBr) ,(u-dppb),I(ClO,) ,4CH,Cl, (Cu-2-4CH,Cl,). This
complex was prepared by the same procedure as that of Cu-1 except
for the use of dppb instead of dppm. Yield: 80.2%. Anal. Calcd for
CyyHoeBr,Cl,,Cu,N,OP,: C, 45.97; H, 349; N, 2.55. Found: C,
46.32; H, 3.70; N, 2.53. ESI-MS (m/z): 827.981 [Cu,(BrphenBr),(u-
dppb),]**/2 (caled 827.984); 489.090 [Cu,(u-dppb),]**/2 (caled
489.096). 'H NMR (400 MHz, DMSO-dy, &, ppm): 9.086 (s, 4H,
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Figure 1. ORTEP drawings of the cation structures of complexes Cu-1 (a), Cu-2 (b), and Cu-3 (c) with atom-labeling scheme, showing 30%
thermal ellipsoids. Hydrogen atoms are omitted for clarity (symmetry codes for A —x + 1, =y + 2, —z + 2; B —x, =y + 1, —z + 1).

BrphenBr), 8.787 (s, 4H, BrphenBr), 8.163 (s, 4H, BrphenBr), 7.362—
7.048 (m, 40H, PPh,), 2.777 (br, 8H, PCH,CH,CH,CH,P); 2.005
(br, 8H, PCH,CH,CH,CH,P). *'P NMR {'H NMR} (400 MHz,
DMSO-dg, 6, ppm): —2.471, —5.555. "H NMR (400 MHz, CD,Cl, §,
ppm): 8.675 (s, 4H, BrphenBr), 8.323 (s, 4H, BrphenBr), 8.045 (s, 4H,
BrphenBr), 7.446—7.101 (m, 40H, PPh,), 2.654 (br, 8H,
PCH,CH,CH,CH,P), 2.232 (br, 8H, PCH,CH,CH,CH,P). P
NMR {'H NMR} (400 MHz, CD,Cl,, &, ppm): —1.608, —5.685. IR
spectrum (KBr, cm™): 1094vs (ClO,").
[Cu,(BrphenBr),(u-dpppen),](ClO,),-4CH,Cl, (Cu-3-4CH,Cl,). This
complex was prepared by the same procedure as that of Cu-1 except
for the use of dpppen instead of dppm. Yield: 57.3%. Anal. Calcd for
CysHgoBr,Cl,,Cu,N,OgP,: C, 4647; H, 3.63; N, 2.52. Found: C,
46.87; H, 3.88; N, 2.58. ESI-MS (m/z): 841.008 [Cu,(BrphenBr), (u-
dpppen),]**/2 (caled 840.999); 503.07 [Cu,(u-dpppen),]**/2 (caled
503.11). 'H NMR (400 MHz, DMSO-d,, &, ppm): 9.028 (s, 4H,
BrphenBr), 8.668 (s, 4H, BrphenBr), 8.065 (s, 4H, BrphenBr), 7.340—
7.134 (m, 40H, PPh,), 2.612 (br, 8H, PCH,CH,CH,CH,CH,P),
2.205 (br, 4H, PCH,CH,CH,CH,CH,P), 1.773 (br, 8H,
PCH,CH,CH,CH,CH,P). 3P NMR {'H NMR} (400 MHz,
DMSO-dg, 6, ppm): —2.986, —7.079. '"H NMR (400 MHz, CD,Cl,,
5, ppm): 8.628 (s, 4H, BrphenBr), 8.494 (s, 4H, BrphenBr), 7.928 (s,
4H, BrphenBr), 7.390—7.120 (m, 40H, PPh,), 2.534—2.418 (m, 12H,
PCH,CH,CH,CH,CH,P), 1.879 (br, 8, PCH,CH,CH,CH,CH,P).
P NMR {'H NMR} (400 MHz, CD,Cl, §, ppm): —8.316. IR
spectrum (KBr, cm™): 1091vs (ClO,”).
[Cu,(BrphenBr),(u-dpph),J(ClIO,),-4CH,Cl, (Cu-4-4CH,Cl,). This
complex was prepared by the same procedure as that of Cu-1 except
for the use of dpph instead of dppm. Yield: 45.0%. Anal. Calcd for
CysHgBr,Cl,,Cu,N,OgP,: C, 46.96; H, 3.76; N, 2.49. Found: C,
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47.36; H, 3.93; N, 2.56. ESI-MS (m/z): 856.05 [Cu,(BrphenBr),(u-
dpph),]**/2 (caled 856.02); 517.18 [Cu,(u-dpph),]**/2 (calcd
517.13). 3P NMR {'H NMR} (400 MHz, DMSO-d, 5, ppm):
—2.745, —3.307, —3.921, —10.393. 'H NMR (400 MHz, CD,Cl,, 5,
ppm) for the isomer with staggered conformation: 8.649 (d, J = 1.6
Hz, 4H, BrphenBr), 8.520 (s, 4H, BrphenBr), 7.963 (s, 4H, BrphenBr),
7.365—-7.027 (m, 40H, PPh,), 2.579 (m, 16H,
PCH,CH,CH,CH,CH,CH,P), 1.884 (m, 8H,
PCH,CH,CH,CH,CH,CH,P). 'H NMR (400 MHz, CD,CL, §,
ppm) for the isomer with eclipsed conformation: 8.602 (d, ] = 1.6 Hz,
4H, BrphenBr), 8.506 (s, 4H, BrphenBr), 7.862 (s, 4H, BrphenBr),
7.365—-7.027 (m, 40H, PPh,), 2.044 (m, 8H,
PCH,CH,CH,CH,CH,CH,P); 1.700 (m, 16H,
PCH,CH,CH,CH,CH,CH,P). 3'P NMR {'H NMR} (400 MHz,
CD,Cl,, 8, ppm): —2.579, —3.602, —10.733. IR spectrum (KBr, cm™"):
1097vs (ClO,).

B RESULTS AND DISCUSSION

Synthesis of the Cu(l) Complexes. Binuclear complexes
Cu-1-Cu-4 crystallized as dichloromethane solvates in
moderate yields (Cu-2 > Cu-1 > Cu-3 > Cu-4) by reaction
of equimolar Cu(CH;CN),ClO,, chelating BrphenBr, and
bridging diphosphine ligands with different length of spacers in
dichloromethane (DCM) solution. No obvious color change
was observed for solid complexes after they were kept in water
for a month, indicating that all complexes are very stable to air
and moisture in the solid state.

Crystallographic Studies. Single crystals for Cu-1-
2CH,Cl,, Cu-2-4CH,Cl,, and Cu-4-4CH,Cl, were obtained

dx.doi.org/10.1021/ic402685u | Inorg. Chem. 2014, 53, 2922—-2931



Inorganic Chemistry

by layering n-hexane onto the corresponding DCM solutions.
The quality of crystals of Cu-3-4CH,Cl, obtained from hexane/
DCM is very poor for single-crystal X-ray determination. Cu-3-
2CH;CN was obtained by layering diethyl ether onto the
corresponding acetonitrile solution in the absence of light.
They were measured on Bruker Smart APEX II diffractometers
by the w scan technique at room temperature with graphite-
monochromated Mo Ka radiation (4 = 0.71073 A). The
CrystalClear software package 2005>” and Bruker SAINT and
the CrystalClear software package 2007 were used for data
reduction and empirical absorption correction, respectively.®®!
Structures were solved by direct method. Heavy atoms were
located from the E-map, and the remaining non-hydrogen
atoms were found in subsequent Fourier maps. Non-hydrogen
atoms were refined anisotropically, whereas hydrogen atoms
were generated geometrically with isotropic thermal parame-
ters. Structures were refined on F* by full-matrix least-squares
methods using the SHELXTL-97 program package.62

The corresponding crystallographic data and select refine-
ment details of complexes Cu-1—Cu-4 are presented in Table
S1 (see Supporting Information). Selected bond lengths and
angles are listed in Table S2 (see Supporting Information).
ORTEP drawings of the cations for Cu-1—Cu-4 are depicted in
Figures 1 and 2. All complexes exhibit binuclear structures,

Cul P2C
¢

P1C
(b)
P3D
Cu2
g P4D
P3 Cu2D
(c)

Figure 2. (a) ORTEP drawings of two asymmetric cations of complex
Cu-4 with atom-labeling scheme, showing 30% thermal ellipsoids.
Hydrogen atoms are omitted for clarity (symmetry codes for C —x +
L—y+1,—-2+2D-x+2 —y+2, —z+ 1); (b) 18-membered
Cu,C,P, ring with eclipsed conformation; (d) 18-membered
Cu,C,P, ring with staggered conformation.

which are similar to those of [Cu,(BrbpyBr),(Ph,P-
(CH,),PPh,),](ClO,), (n = 1, 4, S, and 6) and
[Cu,(dmp),(dppb),](PF¢), complexes reported by us and
others.**>* The two [Cu(BrphenBr)]" units are bridged by two
diphosphine ligands forming 8-membered Cu,C,P,, 14-
membered Cu,CgP,, 16-membered Cu,C,)P,, and 18-mem-
bered Cu,C,,P, metallacycles in Cu-1, Cu-2, Cu-3, and Cu-4,
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respectively. It is interesting to note that these metallacycles
adopt different conformations, and those metallacycles of Cu-
1-Cu-3 in the crystals adopt staggered conformations (see
Figure S2, Supporting Information), but 18-membered
Cu,C,P, metallacycles of Cu-4 adopt both eclipsed and
staggered conformations (see Figure 2). The cocrystal product
of Cu-4 contains both conformations of a ratio 1:1.

All Cu(I) centers adopt distorted tetrahedral coordinated
geometries completed by two N atoms from chelating
BrphenBr ligands and two P atoms from bridging diphosphine
ligands. The distortion is mainly induced by the rigid BrphenBr
ligand, which restricts the N—Cu—N bite angles to 79.0(3)° for
Cu-1, 79.7(1)° for Cu-2, 79.4(3)° for Cu-3, and 80.3(2)° and
79.9(2)° for Cu-4. The corresponding P—Cu—P angles are
136.2(1)° for Cu-1, 118.3(1)° for Cu-2, 125.4(1)° for Cu-3,
and 127.3(1)° and 126.3(1)° for Cu-4, showing much variation
to each other, but they are very similar to those in binuclear
[Cu,(BrbpyBr),(Ph,P(CH,),PPh,),](ClO,), complexes™ and
much larger than 91.0(1)° in mononuclear [Cu(BrphenBr)-
(bdpp)]ClO, complex.®” Such similarity or difference depends
on whether the diphosphine ligand adopts a bridging mode or a
chelating mode. The dihedral angles between the P—Cu—P and
the N—Cu—N planes shown in Figure S3 (see Supporting
Information) are 89.0(2)° for Cu-1, 88.4(1)° for Cu-2,
86.0(2)° for Cu-3, and 87.2(2)° and 88.3(1)° for Cu-4,
which are a little smaller than 89.6° in mononuclear complex
[Cu(BrphenBr)(bdpp)]ClO,*° and similar to 86.2(1)—
88.6(2)° in binuclear [Cu,(BrbpyBr),(Ph,P(CH,),PPh,),]-
(ClO,), complexes.” Both the larger P—Cu—P angles and the
smaller dihedral angles imply that the PPh, groups in these
binuclear complexes are sterically much closer to the BrphenBr
ligands than those in the mononuclear complex [Cu-
(BrphenBr) (bdpp)]ClO,,*® and this can be seen from Figures
1 and 2 and Figure S4 (see Supporting Information, the space
fillings of cations of complexes Cu-1—Cu-4). As shown in
Figure S4, Supporting Information, all copper(I) centers,
together with coordinated N and P atoms, are effectively
protected by the phenyl rings, methylene groups of
diphosphine ligands, and bromine atoms of BrphenBr in
complexes Cu-1—Cu-4, implying that complexes Cu-1—Cu-4
are very stable to air and moisture in the solid state. More
importantly, the soft P donors and chelating effect of aromatic
N atoms play a main role for the stability of these complexes.

It is worth noting that the orientations of BrphenBr ligands
relative to diphosphine ligands are much different in different
complexes. This can be concluded from the intersection angles
between the line of two Br atoms in the same BrphenBr ligand
and the line of two P atoms in the same diphosphine ligand
within a complex (see Figure SS, Supporting Information). The
intersection angles are 80.5° between line Brl---Br2 and line
P1---P3, 79.0° between line Brl---Br2 and line P2---P4, 80.4°
between line Br3---Br4 and line P1---P3, and 78.9° between line
Br3---Br4 and line P2:--P4 in complex Cu-1, 108.1° between
line Brl-Br2 and line P1---P2A in complex Cu-2, 12.4°
between line Brl--Br2 and line P1---P2B in complex Cu-3,
63.6° between line Brl---Br2 and line P1--P2C and 138.6°
between line Br3---Br4 and line P3---P4D in complex Cu-4
(symmetry codes for A —x + 1, =y + 2, —z + 2; B —x, —y + 1,
—z+15;C—x+1,—y+1,—z+2;D—x+2,—y+2,—z+1).
Complex Cu-3 shows the smallest intersection angle, indicating
that the BrphenBr ligands are almost in parallel with P(CH,);P
units in complex Cu-3. In complexes Cu-1 and Cu-2, the two
kinds of ligands are almost perpendicular to each other. As
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shown in Figure S4, Supporting Information, the almost parallel
arrangement of two kinds of ligands in complex Cu-3 provides
better protection for the Cu(I) centers than other complexes in
the solid state. Complex Cu-3 shows possible double
intermolecular 7---7 interactions between BrphenBr ligands
with the distances of the two ring centroids being 3.672 A (see
Figure S6 and Table S3, Supporting Information), which can
only be used as a reference because of the poor crystal quality
of Cu-3. Complex Cu-4 show obvious intramolecular 7---7
interactions between BrphenBr ligand and dpph with the
distances of the two ring centroids falling in the range of
3.662—3.727 A (see Figure 2 and Table S3, Supporting
Information).> The Cu—N and Cu—P bond lengths are in the
ranges 2.082(3)—2.160(7) and 2.216(2)—2.283(2) A, respec-
tively, which are similar to those observed in other Cu(I)—
diimine—phosphine complexes,">35363840:42=353

'H NMR and 3'P NMR Spectra. 'H NMR spectra of
BrphenBr and 'H and *'P NMR spectra of Cu-1—Cu-4
recrystallized samples in both DMSO-d¢ and CD,Cl, are
provided in the Supporting Information, Figures S7—S24, and
data have been listed in the Experimental Section. Because the
recrystallized samples of Cu-2 and Cu-3, especially Cu-3, are
less soluble in CD,Cl, than those of Cu-2 and Cu-4, the 'H
NMR and *P NMR spectra of Cu-2 and Cu-3 in CD,Cl, are
collected with 64 and 4096 repeated scanning times,
respectively, twice as many as those used for Cu-1 and Cu-4.
"H NMR data of Cu-4 in DMSO-dg are not assigned in this
article because the "H NMR solvent residual peak of DMSO at
about 2.50 pm overlaps part of the methylene signals. *'P NMR
spectra of Cu-1, Cu-2, and Cu-3 exhibit a weak signal and a
strong one with ratios at 3:1000, 5:100, and 17:100 in DMSO-
d¢, while those of Cu-1 and Cu-2 in CD,Cl, are 1:100 and
5:100. The *'P NMR signal of Cu-3 in CD,Cl, is very weak,
and only the strong signal can be observed. The integral ratios
of the weak signal relative to the strong one increase with
increasing methylene length of the diphosphine ligands and do
not show an obvious increasing tendency when the
coordinating solvent DMSO-ds is used instead of the
noncoordinating solvent CD,Cl,, especially for Cu-1 and Cu-
2, so the weak signals are suggested from the different
conformations, not from the species based on the dissociation.
In addition, no free '"H NMR BrphenBr signals were found,
further indicating no obvious dissociation occurred in the
experimental conditions. For Cu-4, three and four sets of *'P
NMR signals are observed in CD,Cl, and DMSO-d,
respectively. It is difficult to give an exact integral ratio for
3'P NMR spectra of Cu-4 since some of them overlap with each
other. The two main sets of NMR signals observed for both 'H
NMR and *'P NMR spectra are suggested to arise from two
main different conformations (eclipsed conformation and
staggered conformation) discussed in the crystallographic
part, and the relatively weak signals are suggested to arise
from other conformations except for the two main species. On
the basis on the above results, the discussion about
conformations in the crystallographic part, and the comparison
of the P NMR spectra among the series, *'P NMR signals with
0 at —5.265, —5.555, =7.079, and —10.393 ppm in DMSO-d,
and —7.992, —5.685, —8.316, and —10.733 ppm in CD,ClI, for
Cu-1, Cu-2, Cu-3, and Cu-4, respectively, are suggested from
the staggered conformation, while signals with 6 at —10.027, —
2.471, —2.986, and —2.74S ppm for Cu-1, Cu-2, Cu-3, and Cu-
4 in DMSO-d4 and —14.544, —1.608, and —2.579 ppm for Cu-
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1, Cu-2, and Cu-4 in CD,Cl, are suggested from the eclipsed
conformation.

ESI-MS and lonization Behavior under Different
Collision Cell Energy. As a part of the study of the chemistry
of Cu(I)—diimine—diphosphine systems, some attention must
be given to the systematic treatment of topics related to the
composition and stability of complexes in solutions. Here, we
devote our attention to the ionization behavior of complexes
Cu-1-Cu-4 under ESI-MS conditions first. In our previous
work, [Cu,(BrbpyBr),(Ph,P(CH,),PPh,),](ClO,), (n = 1, 4,
S, 6) complexes have been suggested to be kinetically stable
products in DCM solutions according to the crystalline
products and MS results;>® however, when more rigid
BrphenBr instead of BrbpyBr is used, what will happen?
Understanding the corresponding thermodynamic behavior will
be very helpful for rational molecular design and practical
application of such complexes. Thus, here, the ionizing
behavior of complexes Cu-1—Cu-4 in DCM solutions was
studied by ESI-MS through changing the collision cell energy
(CCE) successively from 0 to 20 eV, increasing each time by
steps of S eV, from soft ionization to hard ionization (see
Figure 3 and Figures $25—527, Supporting Information). When
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Figure 3. ESI-MS results of complex Cu-2 with collision cell energy
changing from 0 to 20 eV.

CCE is 0 eV, [Cu,(BrphenBr),(Ph,P(CH,),PPh,),]*" ions are
mainly positive species, though the ionization efficiency and
absolute abundance of ion current are low. When CCE
increases, [Cu,(BrphenBr),(Ph,P(CH,),PPh,),]**/2 peaks
reduce in relative intensity while [Cu,(Ph,P(CH,),PPh,),]**/
2 peaks increase rapidly. These [Cu,(Ph,P(CH,),PPh,),]*
fragment ions are very stable even at CCE of 20 eV, confirming
that the binding stability between Cu(I) and BrphenBr is much
smaller than that between Cu(I) and diphosphine ligands,
which agrees well with the HSAB rules.®® Analyzing the ESI-MS
results at 0 and S eV, it is suggested that the degree of
ionization for [Cu,(BrphenBr),(Ph,P(CH,),PPh,),]*" cations
exhibits the following order: [Cu,(BrphenBr),(u-dpph),]** >
[Cuy(BrphenBr), (4-dpppen),]* > [Cu,(BrphenBr), (u-
dppm),]** > [Cu,(BrphenBr),(dppb),]*". Thus, the stability
order is suggested to be [Cu,(BrphenBr),(u-dppb),]** >
[Cu,(BrphenBr),(u-dppm),]** > [Cu,(BrphenBr),(u-
dpppen),]** > [Cu,(BrphenBr),(u-dpph),]*, corresponding
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Table 1. Photophysical Data of Cu-1—Cu-4 at Room Temperature

Aem/DM Aem/nm Tom'/US o, b
compd Aae/nm (e/M~! cm™!) (CH,CL,) (CH,CL,) (solid) (solid) (solid)
Cu-1 241 (110 000), 281 (64 780), 315 (27 790), 377 (4790) 418, 571 543 4.78
Cu-2 229 (108 000), 242 (119 300), 284 (82790), 318 (33 420), 345 (7070), 422 (8200) 418, 483 565 3.96
Cu-3 229 (88 100), 242 (116 800), 283 (75490), 318 (30 020), 344 (7310), 406 (7130) 481, 561 559 9.26 0.174
Cu-4 229 (87020), 243 (114 600), 270 (72 570), 284 (67 610), 342 (7760), 391 (6990) 472, 566 566 2.51

9Solid-state emission lifetimes and. “Solid-state quantum yields were determined under air.

to the order of the yield Cu-2 > Cu-1 > Cu-3 > Cu-4
Considering the above results and crystallized products in
solutions, complexes Cu-1—Cu-4 are suggested to be only
kinetically stable products, not thermally stable products in
DCM solutions.

Photophysical Properties. Absorption Spectra. UV—vis
absorption data of complexes Cu-1—Cu-4 in DCM solutions
with concentration of 2.5 X 107 mol-L™" at room temperature
are summarized in Table 1, while the corresponding electronic
absorption spectra are depicted in Figure 4. Compared with the

120000

100000

T T T % T ] 1
300 350 400 450 500 550

Wavelength (nm)

—T
250

Figure 4. UV—vis absorption spectra of Cu-1—Cu-4 in DCM at room
temperature.

absorptions of diphosphine and BrphenBr ligands along with
the reported [Cu(diimine)(PP)]* and [Cu,(diimine),(PP),]*
analogs,**3%#30536%65 the intense bands with wavelengths
shorter than ca. 350 nm are assigned to ligand-centered 7 — #*
transitions of coordinated diphosphine ligands and BrphenBr
ligands, while the new, weak, broad bands with wavelengths
longer than ca. 350 nm are assigned to metal-to-ligand charge
transfer (dz(Cu) — #*(BrphenBr)) (MLCT) transitions. The
absorption maximum wavelengths of MLCT transitions in
complexes Cu-1, Cu-2, Cu-3, and Cu-4 are 377, 422, 406, and
391 nm, respectively.

Dissociation Behavior in DCM Solution. In order to further
explore the composition, dissociation, and stability of
complexes in solutions, here, the dissociation behavior of
complexes Cu-1—Cu-4 when they are diluted in DCM
solutions is studied. Plots of absorption spectra from 2.5 X
107 to 40 X 1077 mol-L™" are depicted in Figure S28,
Supporting Information. The normalized absorption spectra of
complex Cu-2 at four different concentrations almost overlap
with each other, and its MLCT absorption remains very stable.
It can be observed that complexes Cu-2—Cu-4 dissociate little
with concentrations in the range from 2.0 X 107 to 2.5 X 1075
mol-L™". For complex Cu-1, the MLCT absorption is not
obvious even at 2.0 X 107 mol-L™}, indicating that dissociation
of [Cu,(BrphenBr),(u-dppm),]** increases rapidly with
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dilution. When the solutions are further diluted to 4.0 x 107’
mol-L™!, the dissociation increases rapidly, and this is
particularly evident for complexes Cu-1 and Cu-4, because
their MLCT absorption disappears completely. It can be
concluded that complexes Cu-2—Cu-4 in solutions in the range
from 2.0 X 107 to 2.5 X 107° mol-L™" agree well with their
corresponding solid state, but for complex Cu-1 there likely
exists a ligation on—off equilibrium in diluted solution. The
solid state may be different from what is present in diluted
solution in composition due to the dissociation. On the basis of
the above discussion, it can be concluded that the degree of
dissociation exhibits the following order:
[Cu,(BrphenBr),(dppm),]** > [Cu,(BrphenBr),(dpph),]** >
[Cu,(BrphenBr),(dpppen),]** > [Cu,(BrphenBr),(dppb),]*".
This indicates the following stability order of composition: Cu-
2 > Cu-3 > Cu-4 > Cu-1, a little different from the behavior of
ionization under ESI-MS conditions discussed before but
confirming that the degree of dissociation of complex Cu-2 in
DCM solution is also the smallest. This least degree of
dissociation also corresponds to the highest yield of complex
Cu-2 among the series.

Why [Cu,(BrphenBr),(dppb),]** is the most stable one
among the series is worth exploring. According to the
discussion of crystallography, both the larger P—Cu—P angles
and the smaller dihedral angles contribute to the sterically close
contact betweeen BrphenBr and diphosphine ligands and thus
the stability to air and moisture in the solid state for complexes
Cu-1—Cu-4. However, in DCM solutions, such close contact
will cause a large repulsion between BrphenBr and diphosphine
ligands and thus promote dissociation and ionization of cations.
Because the dihedral angles between P—Cu—P and N—Cu—N
planes in Cu-1-Cu-4 are very close, the P—Cu—P angle
becomes a very important factor for comparing the stability of
cations in solutions. It is found that the P—Cu—P angle in
complex Cu-2, 118.3(1)°, is the smallest, and such a relatively
small angle will decrease the repulsion between diimine and
diphosphine ligands. On the other hand, the conformation
change of Cu-2 is relatively simple compared with complexes
Cu-3 and Cu-4, which contain more —CH, groups. The above
factors may be the reasons why [Cu,(BrphenBr),(dppb),]** is
the most stable one among the series in solution.

It is worth mentioning that after being left in air for 4
months, no obvious change was observed for the corresponding
absorption and emission spectra for solutions of Cu-1—Cu-4 at
2.5 X 107 mol-L™", indicating that [Cu,(BrphenBr),(Ph,P-
(CH,),PPh,),]** ions are really stable from kinetics at some
concentration range.

Photoluminescence (PL). The excitation and emission
spectra of complexes Cu-1—Cu-4 in the crystalline state were
investigated at room temperature (see Figure S), and the
corresponding spectral data including emission wavelength,
emission lifetimes, and solid-state photoluminescence quantum
yield of complex Cu-3 are listed in Table 1. Complexes Cu-1,
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Figure 5. Excitation spectra (left) and emission spectra (right) with
excitation wavelength at 330 nm of complexes Cu-1—Cu-4 in the solid
state at room temperature.

Cu-2, Cu-3, and Cu-4 display intense emission bands with 4,
= 543, 565, 559, and 566 nm, respectively, which are assigned
to a dz(Cu) — #*(diimine) (*MLCT) excited state.’*°®~7°
The emissive lifetimes, 2.51—9.26 us, a little longer than those
of [Cu,(BrbpyBr),(Ph,P(CH,),PPh,),](ClO,), complexes,*®
are perhaps related to the more rigid character of the BrphenBr
ligand compared with BrbpyBr. The microsecond range
lifetimes further confirm their triplet state character.

In order to get quantitative data and explore the factors
affecting the luminescence, the emission quantum yield of
complex Cu-3 in the solid state were measured under air (see
Table 1), because complex Cu-3 in the solid state displayed the
brightest emission under UV radiation of 365 nm. The
emission quantum yield of complex Cu-3, 0.174, is 4.86

times that of mononuclear complex [Cu(BrphenBr)(bdpp)]-
ClO,-CH,CL,* and very close to that of [Cu(phen)(bdpp)]-
ClO,-CH,Cl,, 0.1833, which has been suggested to arise from
the triple 7---7r stacking interactions in the cation dimer and rich
C—H--7 interactions in the crystal structure.®® Here, similar
factors may also contribute to that of complex Cu-3 because of
the possible intermolecular 7---7 interaction, and the other
possible factor may be the best protection of the Cu(I) centers
by the close contact of BrphenBr and dpppen as discussed in
the crystallographic part.

In DCM solutions with concentrations at 2.5 X 107> mol-
L™ the emissions are too weak to be observed under radiation
at 365 nm in air for complexes Cu-1—Cu-4. Only when the
excitation and emission slits were wide enough to be 10 and 20
nm, respectively, could the emission curves be observed clearly
(see Figure S29, Supporting Information). The emission bands
before 490 nm probably arise from the intramolecular ligand-
to-ligand charge transfer ("LLCT) emission arising from the
close contact of BrphenBr and diphosphine ligands in the
complexes,39 while the low-energy emission bands with
maximum emission wavelengths from 561 to 572 nm are
assigned to the MLCT excited state, similar to those of solid
emission.

Aggregation-Induced Phosphorescent Emission. On
the basis of the very weak emissive characteristics in solution
and intense phosphorescent behavior in the solid state along
with the flexible P(CH,),P chains, complexes Cu-1—Cu-4 are
expected to show AIPE behavior. In order to investigate their
AIPE attributes, different amounts of hexane, a poor solvent for
complexes Cu-1—Cu-4, was added to the pure DCM solutions
by defining the hexane fractions (f},) of 0—90% and keeping the
concentrations constant at 2.5 X 107> mol-L™". Figure 6 shows
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Figure 6. PL spectra of Cu-1—Cu-4 in DCM/hexane mixed solvents with different f}, with excitation at 330 nm. (a) Insets depict the changes of PL
peak intensity with different f;, (up) and the emission spectra at f,, = 90% of the freshly prepared one (black curve) and the one after 24 h of standing
and 2 min ultrasonic reaction (red curve) (down); (b—d) insets depict the changes of PL peak intensity with different f,. Excitation and emission
slits are 2.5 and 2.5 nm for Cu-1, S and $ nm for Cu-2, 2.5 and 2.5 nm for Cu-3, and S and 2.5 nm for Cu-4, respectively.
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(a) Cu-1 (freshly prepared): /,
69, 72, 75 and 90 (from left to right) (d) Cu-3: f;

0, 15, 30, 45, 50, 55, 60, 63, 66, 69, 72, 75 and 90 (from left to right

{b) Cu-1 (after 24 hours® laying-aside and
2 minutes® ultragonic reaction): f;
69, and 90 (from left to 1

75 and 90 (f) Cu-1-Cn-4 (from left to right)

in DMS BS (1:99, viv)

T T P

75 and 90 (g) Cu-1-Cu-4 m left to right) in the solid state

Figure 7. Luminescent images of Cu-1—Cu-4 radiated with an ultraviolet light at 365 nm. (a—e) in hexane—DCM mixed solvents with the
concentration kept at 2.5 X 107 mol-L™"; (f) in DMSO/PBS (1:99, v:v) with concentration at 1.0 X 107> mol-L™}; (g) in the solid state.

(a) _©

(b) )

Figure 8. Confocal luminescence imaging of complexes Cu-1—Cu-4 in HeLa cells, which were incubated with 10 M complexes Cu-1—Cu-4 in
DMSO/PBS (1:99, v/v) for 15 min ((a) Cu-1, (b) Cu-2, (c) Cu-3, and (d) Cu-4).
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the change of AIPE intensity of complexes Cu-1—Cu-4 for
different f;, with an excitation wavelength at 330 nm, which was
selected with the comprehensive concern of the excitation
maxima of the systems with f;, = 0, 90% for Cu-1, Cu-3, and
Cu-4 or f;, = 0, 75% for Cu-2, the excitation maxima of the
systems with the brightest emission and necessary to obtain
complete spectra (see Figure S30, Supporting Information).
The luminescent images of Cu-1—Cu-4 with different f;, and in
the solid state under 365 nm radiation are shown in Figure 7.
As shown in Figure 6, each of the complexes Cu-1, Cu-2, Cu-3,
and Cu-4 exhibits good AIPE behavior with the most intense
emission appearing at fy, 72%, 90%, 63%, and 72%,
respectively. Complexes Cu-1—Cu-4 exhibit various AIPE
colors changing from yellow-green to orange-red. It is worth
mentioning that for the freshly prepared systems, the AIPE
phenomenon of Cu-1 was not observed until f; got to 90%,
which was found to form the amorphous flocculent precipitate
and show yellow emission. After 24 h of standing and then 2
min ultrasonically promoted reaction, the glittering laminar
crystals were formed in the original supersaturated solutions
with fy in the range of 66—75%, and the amorphous flocculent
precipitate for the system with f, = 90% also changed to the
glittering laminar crystals, which exhibit bright yellow-green
emission with the maximum emission at about 520 nm,
contrasting markedly with the nonemissive and yellow emissive
behavior with the maximum emission at 558 nm for the
corresponding freshly prepared ones (see Figures 6a, inset
(down), and 7). The above phenomenon shows us that AIPE
colors depend on the different aggregation states dramatically
for complex Cu-1. Here, the restriction of intramolecular
rotation was proposed to be responsible for the AIPE behavior
of complexes Cu-1—Cu-4.

Bioimaging. Adding PBS solution to solutions of
complexes Cu-1-Cu-4 in DMSO leading to formation of
amorphous flocculent precipitate and the corresponding AIE
spectra of complexes Cu-1—Cu-4 with a concentration of 10
uM in PBS/DMSO (99:1, v/v), similar to those of DCM
solutions, are provided in Figure S31 (see Supporting
Information). Luminescence imaging of complexes Cu-1—Cu-
4 in living HeLa cells was investigated through confocal
luminescence microscopy with excitation at 405 nm. Incubation
of HeLa cells with 10 yuM complexes Cu-1—Cu-4 in PBS/
DMSO (99:1, v/v) for 1S min at 37 °C gave green intracellular
luminescence imaging (Figure 8), among which imaging of
complex Cu-3 is the brightest. Because of the poor solubility
and dispersity, it is difficult for complexes Cu-1—Cu-4 to
permeate into the cells completely, but to the best of our
knowledge, this is the first time that aggregation-induced
phosphorescence emissive Cu(I) complexes have been used for
bioimaging. The green intracellular luminescence images
contrast markedly with those red images in PBS/DMSO
(99:1), and such a large difference is suggested to arise from the
luminescence of intracellular background, the different states of
aggregation in different environment, and the collected
emission bands.

B SUMMARY

A series of binuclear mixed-ligand copper(I) complexes,
[Cu,(BrphenBr),(Ph,P(CH,),PPh,),](ClO,),, (n = 1, 4, §,
6), was synthesized and characterized. The reasons why
complexes Cu-1—Cu-4 are very stable to air and moisture in
the solid state are analyzed. The ESI-MS result through
changing the collision cell energy from 0 to 20 eV suggests that
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the corresponding [Cu,(Ph,P(CH,),PPh,),]*" cations are the
thermodynamically stable products and
[Cu,(BrphenBr),(Ph,P(CH,),PPh,),]** ions are stable prod-
ucts in crystallization kinetics in DCM solution. Both the
results of ESI-MS and the dissociation behavior in DCM
solution suggest that complex Cu-2 is the most stable one
among the series. Each of the complexes Cu-1—Cu-4 displays
good AIPE behavior and is used for living cell imaging
successfully.
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