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Cuprophilic Interactions in Luminescent Copper(1) Clusters with Bridging
Bis(dicyclohexylphosphino)methane and lodide Ligands: Spectroscopic and

Structural Investigations

Wen-Fu Fu,**" ! Xin Gan,'! Chi-Ming Che,*" Qian-Yong Cao,"!
Zhong-Yong Zhou,'"! and N. Nian-Yong Zhu'™

Abstract: Polynuclear copper(l) com-
plexes with bridging bis(dicyclohexyl-
phosphino)methane (dcpm) and iodide
ligands, [Cu,(dcpm),(CH;CN),](BF,),
@), [Cu,(depm),](BF,), (2),
[(Cul)y(depm),]  (3), [(Cul)i(depm)]
(4), and [(Cul),(dcpm),] (5) were pre-
pared and their structures determined
by X-ray crystal analysis. The shortest
Cu—Cu distance found in these com-
plexes is 2.475(1) A for 3. Powdered
samples of 1, 3, 4, and 5 display intense
and long-lived phosphorescence with

Amax at 460, 626, 590, and 456 nm and
emission quantum yields of 0.26, 0.11,
0.12, and 0.56 at room temperature, re-
spectively. In the solid state, 2 displays
both a weak emission at 377 and an in-
tense one at 474 nm with an overall
emission yield 0.42. The difference in
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emission properties among complexes
1-5 suggests that both Cu—Cu interac-
tion and coordination around the cop-
per(1) center affect the excited state
properties. A degassed solution of 2 in
acetone gives a bright red emission
with 4., at 625 nm at room tempera-
ture. The difference absorption spectra
of the triplet excited states of 1-5 in
acetonitrile show broad absorption
peaks at 340-410 and 850-870 nm.
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Introduction

Polynuclear copper(1) complexes have attracted considerable
attention for their diverse structural and rich photolumines-
cent properties and potential applications in materials sci-
ence.'"® The structures of the copper(l) complexes formed
by coordinating phosphine or bulky nitrogen base ligands to
CuX had been described previously.) These complexes
are polynuclear copper(1) species with ,-, ls-, or p,-bridging
X atoms, and their structures are affected by the phosphine
ligand and method of preparation. They display multiple
emissive triplet excited states. Extensive studies by Ford and
co-workers established that the higher energy emissions of
[CuX,L,] (L=2-(diphenylmethyl)pyridine or pyridine)
come from halide-to-ligand charge transfer (XLCT) excited
states, and the lower energy emission from an excited state
with a mixture of XMCT (halide-to-metal charge-transfer)
and MC (metal-centered) orbital parentage.'”! Despite the
fact that a d'°-d" interaction is well documented in gold()
systems!"l and Cu'--Cu' separations as short as 2.35 A have
been reported for a long time,”! the existence of a weak
bonding interaction between copper(l) atoms remains con-
troversial.®®!%l In polynuclear complexes the chelate and
bridging ligand plays an important role in fine-tuning the
Cu"Cu' contact distances, which affect the spectroscopic
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properties. Several theoretical papers on binuclear copper()
complexes were unsupportive of the existence of the
Cu'—Cu' bonding interaction, but a recent investigation on
Cu,O based on electron and X-ray diffraction experiments
provided evidence for the existence of such bonding interac-
tions."” In previous work, we reported spectroscopic evi-
dence for Cu-Cu' interactions in [Cu,(dcpm),]Y, (Y=
ClO,~ and PF¢; dcpm=bis(dicyclohexylphosphino)-
methane) solids.®® In the present study we prepared
[Cuy(depm),(CH5CN),J(BF,), (1), [Cuy(depm),](BF.), (2),
[(CuD)s(depm),]  (3),  [(Cul)y(depm),]  (4),  and
[(Cul),(dcpm),] (5) and examined their structures and pho-
tophysical properties. The results suggest that the Cu'-Cu'
distances and the ligands and coordination number around
the copper(1) center play key roles in affecting photophysical
properties of polynuclear copper(1) complexes.

Results and Discussion

Comparision of crystal structures: The structures of the cop-
per(1) halide compounds with phosphine or bulky nitrogen
base ligands usually have tetrahedrally coordinated Cu' sites
with the tetrahedral faces
capped by halide and/or and

Figure 1. Structure of [Cu,(dcpm),](BF,), (perspective drawing; the ther-
mal ellipsoids are drawn at 40% probability). The closest Cu-F (BF,")
distance is 2.803(1) A.

Table 1. Selected crystallographic and data collection parameters for complexes 1-4.

other ligands.™®! A series of

copper(1) compounds exhibiting !

2 3 4

“cubane” tetranuclear structure, formula (Cs4HogCu,N,P,)-2 (BF,)  (CsoHoyCuyPy)-2 (BE,) - CipyHio6CLCugliO,Py - CsoHopCu,LP,y
. g M, 1199.22 1117.82 3010.81 1578.88
such as [Cu,X,Ly] (L=pyridine, 7y, 301(2) 301(2) 204(2) 204(2)
substituted pyridine, or a satu- crystal system monoclinic monoclinic triclinic triclinic
rated amine) complexes, have space group P2i/n C2lc Pl Pl
been reported previously.*9 (Al 21.648(4) 24.078(5) 14.370(4) 10.328(2)
These polynuclear copper(i) b [A] 13.093(3) 13.813(3) 21.876(6) 11.709(2)
- ; ¢ [A] 22.632(5) 17.686(4) 22.505(6) 13.929(2)

compounds exhibit a “stalrstep” a[°] 90 90 108.068(7) 97.386(3)
configuration having square p[°] 105.80(3) 106.99(3) 108.380(7) 110.354(3)
-(CuX,)- units that form the V[’ 90 90 100.113(6) 102.243(3)
steps of the stairs.’”) In the case ;[A‘] 2173(2) 2625'6(19) 2083(3) 1505‘2(4)
of [(CHs);PCuX],, as the Pecd Mgm ] 1.291 1.320 1.644 1.742
halide changes from CI” to Br™ | (Moy,) [mm™] 0.852 0.928 2789 3.582
and 1™, the structure changes crystal size [mm] 0.25%x0.20x0.15 0.40x0.3x0.15 0.28 x0.22x0.20 0.20x0.18x0.12
from a cubane core to a single £(000) 2544 2368 3032 780
“step” tetranuclear structure. In 20max ] 209 >1.0 532 351

. o : unique reflections 28949 8718 41392 10203
addition, the steric influence of parameters 649 292 1110 280
the bulky coordinated ligand R, 0.060 0.063 0.064 0.042
can control the structure.?!! As R, 0.163 0.183 0.102 0.111
depicted in Figure 1’ the binu- gO(')dIIESS of fit 0.96 1.10 0.96 1.03

residual electron 0.709/—-0.783 0.657/—0.575 0.987/—0.921 0.982/—-0.937

clear copper(1) complex
[Cuy(depm),](BF,), (2) was ob-
tained in high yield upon stir-

density [e A7

ring a mixture of [Cu(CH;CN),]BF, and dcpm in a 1:1 ratio
in dichloromethane. Crystal structure analysis of 2 reveals
the P1-Cul-P2 bond angle to be 168.2° rather than 180° as
expected for an idealized two-coordinate linear geometry.
Presumably, this is due to the BF,™ ion, which interacts very
weakly with Cu' through one fluorine atom (Tables 1 and 2).
Although the Cu--FBF; distance of 2.803 A is approximate-
ly 0.14 A less than the estimated sum of the van der Waals
radii of copper and fluorine atoms, it is considerably greater
than the value of 1.89 A for the sum of the ionic radii of the
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Cu* and F~ ions,™ which can be compared with the Y-
shaped trigonal configuration of [(Cul),(dcpm),] (Figure 2).
The complex [Cu,(dcpm),](BF,), has a short intra-metal
Cu--Cu separation (2.6905 A), whereas
[Cu,(decpm),(CH;CN),](BF,), exhibits a distance of 2.8095 A
and adopts a Y-shaped trigonal configuration with P1-Cul-
P3, N1-Cul-P1, and N1-Cul-P3 bond angles of 145.0, 111.9,
and 102.8°, respectively.

The reaction of Cul with depm (3:2 molar ratio) gave 3 in
which both three- and four-coordinate Cu' were found. Se-
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Table 2. Selected bond lengths [A] and bond angles [°] of 1-4.

Complex 1

Cul—Cu2 2.810(1) Cul-P1 2.261(2) Cul-P3
Cu2-P4 2270(2)  Cu2-N2 2.096(6) C51-N1
N1-Cul-P1 111.9(2)  N1-Cul-P3 102.8(2)  P1-Cul-P3
P3-Cul-Cu2  87.23(5) N2-Cu2-P2 103.2(2)  N2-Cu2-P4
P2-Cu2-Cul  90.92(5)  P4-Cu2-Cul 93.03(5)  C51-N1-Cul
Complex 2

Cul—Cul* 2.691(2)  Cul-P1 2216(1)  Cul-P2*
B1-F1 1.325(9) B1-F2 1.345(7) B1-F3
P1-Cul-P2* 168.20(6) P1-Cul-Cul* 97.74(5)  P2*-Cul-Cul*
C7-P1-Cul 1149(2)  C25-P2-Cul* 115.1(2)  C19-P2-Cul*
F2-B1-F3 109.0(7) F2-B1-F4 100.7(5)

Complex 3

Cul—Cu2 2.9846(9) Cu2—Cu3 2.4866(9) Cu5—Cub
11-Cu3 2.6703(8) I2—Cul 2.794(1) 12-Cu2
14—Cu4 2.7819(9) I4—CuS 2.7425(8) 14—Cu6b
15—Cu6 2.7345(9) 16—Cu5 2.6124(9) 16—Cu6
Cu2—P3 2.197(1)  Cu3-P4 2.201(1)  Cu3-11-Cul
Cu2-12-Cul 65.13(2)  Cu3-13-Cu2 57.292)  11-Cul-12
Cu5-I4-Cu6 51.38(2)  Cu5-15-Cu4 66.94(2)  Cu5-15-Cu6
14-Cu4-15 107.01(2) P5-Cu4-P6 138.96(4) P2-Cul-P1
P2-Cul-I12 99.35(3) P1-Cul-12 102.68(3) I1-Cul-12
11-Cul-Cu2 60.23(2)  I2-Cul-Cu2 56.75(2)  P3-Cu2-Cu3
P3-Cu2-12 106.28(4) Cu3-Cu2-12 74.25(33)  13-Cu2-12
13-Cu2-11 97.82(3)  I2-Cu2-11 107.75(2)  P3-Cu2-Cul
12-Cu2-Cul 58.12(2)  I1-Cu2-Cul 56.07(2)  P4-Cu3-Cu2
P4-Cu3-11 112.60(4) Cu2-Cu3-I1 68.06(2)  I3-Cu3-I1
Complex 4

Cul—Cu2 3.005 (1) Cul—Cu2* 2.5760(8) Cu2—Cul*
I11-Cul* 2.8272(8) I1-Cu2* 2.8806(8) I12—Cu2*
Cul-I1* 2.8272(8) Cu2-Pp2 2218 (1) Cu2-I2*
P1-C7 1.848(4)  Cu2*-Cul-Cu2 91.28(3)  Cul*-Cu2-Cul
Cu2-11-Cul*  54.43(2)  Cul-11-Cu2* 53.93(2)  Cu2-11-Cu2*
P1-Cul-Cu2* 173.83(3) P1-Cul-I2 117.56(4) Cu2*-Cul-I2
12-Cul-11 102.65(3) P1-Cul-11* 114.32(4) Cu2*-Cul-11*
P1-Cul-Cu2  91.093) I2-Cul-Cu2 151.35(3) 11-Cul-Cu2
P2-Cu2-12* 118.71(4) Cul*-Cu2-I2*  60.88(2) P2-Cu2-I1
P2-Cu2-11* 119.25(4) Cul*-Cu2-11*  61.41(2)  I12*-Cu2-I1*
12#-Cu2-Cul  149.39(3) I1-Cu2-Cul 57.45(2)  I11*-Cu2-Cul
C7-P1-C1 108.9(2)  C25-P1-Cul 113.1(1)  C7-P1-Cul
C25-P2-C19  99.9(1) C13-P2-C19 106.1(2)  C25-P2-Cu2

2270(2)  Cul-N1 2015(6) Cu2—P2 2.260(2)
1139(8)  C53-N2 1.133(8)

14503(6) NI-Cul-Cu2  98.5(2)  PI-Cul-Cu2  91.60(5)
1023(2)  P2-Cu2-P4 152.16(7) N2-Cu2-Cul  105.2(2)
1755(5) C53-N2-Cu2  169.6(7)

2224(1)  Cul*-P2 2224(1) Cu-F 2.803(1)
137(1)  BI-F4 1.390(9)

9227(5)  Cl1-P1-Cul 111.6(2) C25-P1-Cul  111.9(1)
1048(4)  CI3-P2-Cul* 1104(2) FI-B1-F2 114.8(7)
2475(1)  T11—Cul 27625(8) 11-Cu2 2.890(1)
2.7510(9) 13-Cu2 2.6178(8) I13-Cu3 2.5689(8)
2.9501(8) 15-Cu4 2.7905(8) 15-Cu5 2.897(1)
2.6124(9) Cul-P1 2296(1)  Cul-P2 2.279(1)
71.73(2)  Cu3-I1-Cu2  5295(2) Cul-I1-Cu2  63.70(2)
11020(2) CuS-14-Cud  69.23(2)  Cud-I4-Cu6  65.73(2)
52.04(2) Cu4-I5-Cu6  68.60(2) Cu5I6-Cu6  56.63(2)
138.02(4) P2-Cul-Tl 102.61(4) P1-Cul-Tl 102.60(4)
11020(2) P2-Cul-Cu2  13329(3) PI-Cul-Cu2  88.51(4)
164.42(4)  P3-Cu2-I3 132.73(4) Cu3-Cu2-I3  6037(2)
10325(2) P3-Cu2-I1 107.09(4) Cu3-Cu2-Il  58.99(2)
9627(4)  Cu3-Cu2-Cul 70.50(3) I3-Cu2-Cul  130.78(3)
150.39(4)  P4-Cu3-I3 13801(3) Cu2-Cu3-I3  6235(2)
10492(3) C25-P1-Cul  1145(1) C7-P1-Cul  114.1(1)
2.5758(6) 11—Cul 2.7983(8) I1-Cu2 2.8057(8)
2.6150(8) I2—Cul 2.6303(7) Cul-P1 2.2236(8)
2.6150(8) Cu2—I1# 2.8806(8) P1-C25 1.844(4)
88.72(3) Cul-I1-Cu2  64.86(2) Cul-Il-Cul*  83.18(2)
89.45(2)  Cul-II-Cu2*  63.54(2) Cu2*I2-Cul 58.83(2)
60.29(2)  P1-Cul-Il 12130(4) Cu2*-Cul-Il  64.67(2)
6236(2) I2-Cul-I1* 10534(3) T1-Cul-I1*  91.82(2)
57.69(2) I1*-Cul-Cu2  59.10(2)  P2-Cul-Cu2* 179.34(5)
116.66(4) Cul*Cu2-1l  6321(2) I2%Cu2- 1l 10637(2)
100.86(2) T1-Cu2-T1* 90.55(2)  P2-Cu2-Cul  91.72(3)
5738(2)  C25-P1-C7 1064(2) C25-P1-C1  101.3(2)
111.6(1)  CI-P1-Cul 1147 (1)  C25-P2-C13  102.4(2)
1149(1)  CI3-P2-Cu2  1157(1) C19-P2-Cu2  115.9(1)

lected crystallographic data are listed in Tables 1 and 2. A
perspective view of the structure is depicted in Figure 3.
Two kinds of Cu—I interactions found; one I~ ion adopts a
us-coordination mode that is similar to (Cul);(dppm),*! in
which three Cu atoms are in a trigonal-planar array with
two I” ions (I4 an I5) above and below the plane. Three
sides of the triangle are bridged by the third iodine atom
(I6) and dcpm ligands, the closest Cu--Cu contact being
2.4748 A. The other consists of a triangular array of Cu
atoms, connected by a ;-1 ligand above the plane of copper
atoms. The I1 atom binds to the copper atoms with bond
lengths of 2.6703 (I1-Cu3), 2.7625 (I1—Cul), and 2.890 A
(I1-Cu2), whereas only two of the three copper atoms are
bonded by a Cul-I2-Cu2 linkage below the plane with a
Cul--Cu2 distance of 29846 A and a Cul-I2-Cu2 bond
angle of 65.13°. One side of the triangle is bridged by a
third iodine atom with a significantly shorter copper—copper
separation of 2.4866 A and a Cu(2)-1(3)-Cu(3) bond angle
of 57.29°. Each of the other two edges is connected by a
dcpm ligand. The Cu—P bond lengths are affected by the
number of phosphorus atoms coordinated to the same
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copper atom: Cul—P1=2.296 A for copper atoms with two
coordinated phosphorus atoms; Cu2-P3=2.197 A and
Cu3—P4=2201 A for copper atoms with one coordinated
phosphorus atom.

A perspective view of [(Cul),(dcpm),] (4) is shown in
Figure 4. Selected bond lengths and angles are given in
Tables 1 and 2. The four copper atoms are arranged in a rec-
tangular array with copper—copper distances of 3.0051-
2.5758 A. The copper atoms are tetracoordinate. The dcpm
and iodide ligands bridge each edge of the Cu, plane to
form a Cu,P,, core. The dicapping iodide ligands are
bonded to the four copper atoms in a p,-fashion from oppo-
site faces of the rectangle. The Cu—I bond lengths in quad-
ruple bridging vary from 2.7979 to 2.8804 A, which are sig-
nificantly longer than double-bridging bond lengths of
2.6150 and 2.6303 A (Figure 4).

Electron absorption spectra: The UV/Vis absorption spec-
tral data for 1 to 5 in acetonitrile or dichloromethane are
listed in Table 3. For 3 to 5, no absorption band in the visi-
ble range has been observed, and the absorption spectra in

www.chemeurj.org  Chem. Eur. J. 2004, 10, 22282236
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ity).

Figure 3. Structure of [(Cul);(dcpm),] (perspective drawing; the thermal ellipsoids are drawn at 40 % probabil-

ity). The shortest Cu---Cu distance is 2.475(1) A.

the 240-320 nm spectral region could be obscured by the ab-
sorption of the iodide anion. In such cases, a definitive spec-
troscopic assignment remains difficult. Complex 2 in aceto-
nitrile is characterized by the absorption band at 319 nm,
which is red-shifted from the 309 nm band in dichlorome-
thane solution. This is ascribed to the formation of
[Cu,(depm),(CH;CN),)** (Figure 5). The UV/Vis absorption
spectra of 1 and 2 in dichloromethane show an intense ab-
sorption band at 309 nm with large extinction coefficient
(>10*mol~'dm*cm™). Based on previous studies,’®™ this
band is assigned to the metal-metal 3do*—4po transition.
In dichloromethane solutions, the absorption spectra of
complexes 3-5 have no distinctive features. However in

Chem. Eur. J. 2004, 10, 2228 -2236 www.chemeurj.org

acetonitrile solutions, there is a
distinct absorption that appears
as a shoulder with 4,,, at 308—
315nm (Figure 6). We tenta-
tively suggest that the lower
energy absorption in complexes
3-5 is due to electronic transi-
tions that involve a Cu’~Cu' in-
teraction and I"—Cu’ charge
transfer in the excited state.

Emission spectra: Upon excita-
tion at 290 nm, solid samples of
1, 2, and 5 display intense pho-
toluminescence with 4., at 460
(t=36), 377 (t=63) and 474
(¢t=58), and 456 nm (t=9 ps) at
room temperature, respectively
(Figures 7 and 8), correspond-
ing emission quantum yields of
the powdered samples are 0.26,
0.42, and 0.56. The results are
listed in Table 3. The emission
properties of 5 have been dis-
cussed previously.®® Complex 2
has a short Cu—Cu distance
(2.6905 A); thus, the high
energy emission at 377 nm
could be attributed to the trip-
let emission from the Cu—Cu-
bonded *[3do*4po] excited state
and the lower-energy emission
at 474nm to complexation of
BF,” to the [Cuy(dcpm),]**
core in the excited state. This
assignment is based on investi-
gations of the spectroscopic fea-
tures and the crystal structures
determined for these com-
plexes.

Compared to the emissions
of 1, 2, and 5, solid samples of 3
and 4 show lower-energy emis-
sions with A, at 626 and
590 nm at room temperature,
respectively  (Figure 8). The
emissions have lifetimes on the microsecond time scale, im-
plying that these emissions are from the triplet excited
states. With reference to previous work on a series of poly-
nuclear copper(r) complexes,'**! these emissions could be
ascribed to excited states with a mixture of 3d—4p and
iodide-to-metal charge transfer parentage. The solid-state
emission spectra of 3 and 4 are markedly temperature-de-
pendent. In contrast to only one emission band at room
temperature, two emission bands with peak maxima at 480
and 680 nm for 3, and 490 and 650 nm for 4 are observed at
77 K (Figure 8). This is similar to the solid emission of the
related [Cu,I,L,] complex (L=pyridine) reported by Ford
and co-workers,™ but different from the emission of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2231


www.chemeurj.org

FULL PAPER

W.-F. Fu, C.-M. Che et al.

Figure 4. Structure of [(Cul),(dcpm),] (perspective drawing; the thermal
ellipsoids are drawn at 40 % probability).

[Cu,LL,] (L=piperidine or morpholine) which display only
a single emission band at 77 K."*! The emission of 3 and 4
could be related to the short Cu—Cu contact distances of
2.4748 and 2.5758 A; the high-energy emission originates

Table 3. Spectroscopic and photophysical properties of 1-5.

from a triplet metal-centered 3d—(4s, 4p) excited state
modified by a Cu---Cu interaction.

All complexes display intense emissions with long life-
times in 77 K glassy solutions. At room temperature, solu-
tions of the complexes in acetonitrile showed only weak
emission in the 470-520 nm region (Figure 9); the emission
quantum yields are 2-4x 107>, In dichloromethane solutions,
no emission was found for 1 or 2, and excitation of 3 or 4 at
320 nm gave a red emission (Table 3 and Figure 9). In ace-
tone solutions a red emission with A,,, at 625 nm was re-
corded for 1 or 2 (Figure 10). The large Stoke shift between
the emission (625 nm) and absorption (320 nm) energies de-
serves attention. Based on the reported crystal structure of
[Cu,(naph),(Me,CO)](PF;),,*! we propose that (CH;),CO
would coordinate to the [Cu,(dcpm),]** core in the excited
state. Such exciplex formation is suggested to be responsible
for the red emission. However, attempts to obtain acetone
adducts of [Cu,(dcpm),]** were unsuccessful.

Time-resolved absorption spectra: The time-resolved ab-
sorption difference spectra of acetonitrile solutions of 1-5
were recorded following flash photolysis at 266 nm. As de-
picted in Figure 11, the spectra show absorption peaks with
Amax at 340-410 and 850-870 nm. The spectral data are listed
in Table 3. Comparison of the decay lifetimes of absorption
signals for 3-5 with the corresponding emission lifetimes
imply the generation of new species upon laser flash photol-
ysis. However, for acetone solutions of 1 or 2, the decay life-
times of the absorption signals at about 370 and 880 nm, re-

Complex Medium (T [K])  Aus[nm] (& [mol~'dm’*cm]) Aem[nm]/[us] 1 s [nm ]/t us] Gem

1 CH;CN (298) 263 (6155), 319 (6047) 475/3.6 380/4.9, 400/4.8, 850/5.6 0.004
CH,CL (298) 231 (12356), 309 (13107) non-emissive
(CHj;),CO (298) 625/4.3 370/4.4, 440/4.3, 880/4.5
glass (7)1 415/126
solid (298) 460/36 0.26
solid (77) 415/59

2 CH:CN (298) 263 (5883), 319 (5830) 480/4.9
CH,Cl, (298) 231 (13901), 309 (15062) non-emissive
(CH;),CO (298) 328 (3004) 625/4.4 370/4.5, 440/4.3, 880/4.1 0.015
glass (77)") 4151127
solid (298) 377163, 474/58 0.42
solid (77) 390/29, 475/89

5 CH;CN (298) 243 (28790), 279 (7085) 466/3.7 360/12, 400/15

312(sh) (6470) 870/16

CH,C1,(298) 238 (43390), 279 (11320), 321 (6466) 480/0.17 0.003
glass (77)" 453/17
solid (298) 456/8.9 0.56
solid (77) 364/11

3 CH;CN (298) 245 (20518), 277 (3644), 308(sh) (1596) 500/2.8, 660/2.5 360/6.0, 380/7.6, 410/11, 860/11  0.002
CH,Cl, (298)  244(sh) (37265), 287 (6776) 690/3.7 0.008
glass (77) 430/15, 480/87, 630/81
solid (298) 626/10 0.11
solid (77) 480/11, 680/25

4 CH.CN (298) 245 (46984), 277(sh) (6252), 315(sh) (2052)  520/1.6, 660/1.4 340/4.4, 390/4.0, 860/4.9 0.004
CH,Cl, (298)  248(sh) (39296) 700/0.27, 3.23 0.003
glass (77) 485/80
solid (298) 590/9.7 0.12

solid (77)

490/7.4, 650/9.7

[a] solvent: CH3(CH,),CN. [b] EtOH/MeOH (v/v, 1/4). [c] decay lifetime of transient difference absorption signals; sh=shoulder
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Figure 5. UV/Vis absorption spectra of [Cu,(dcpm),(CH;CN),|(BF,), (1)
in dichloromethane, and [Cu,(dcpm),](BF,), (2) in acetonitrile (dash
line), dichloromethane (dash dot line), and acetone (dot line) at room
temperature.
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Figure 6. UV/Vis  absorption spectra of [(Cul);(dcpm),] (3),

[(Cul),(dcpm),] (4), and [(Cul),(dcpm),] (5) in acetonitrile at room tem-
perature. Inset: in dichloromethane.

spectively, match the corresponding emission lifetimes, sug-
gesting that the absorption signals and emission come from
the same triplet excited state (Figure 12). The results descri-
bed above could rule out the possibility that the high- or
low-energy transient absorption originate from either the
metal-metal *(3do*—4po) excited state of coordinated com-
plexes of solvent for complexes 1 and 2 or with a mixed
3do*—4po/LMCT triple excited state for complexes 3-5. In
the complexes, strong excited-state distortion should in-
crease the Cu—Cu bonding, and for mononuclear copper()
complexes no transient absorption has been observed in the
range.[ld,5,19a,26]
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Figure 7. Room-temperature solid-state emission spectra (excitation at
290nm) of [Cuy(dcpm),(CH;CN),](BF,), (1) (dash line) and
[Cu,(depm),|(BF,), (2) (solid line); excitation (dash dot line) and emis-
sion (dot line) spectra of [Cu,(dcpm),(CH;CN),](BF,), (1) in EtOH/
MeOH (1/4) at 77 K.
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Figure 8. Solid-state ~ emission  spectra of  [(Cul);(dcpm),]  (3),
[(Cul),(dcpm),] (4a), and [(Cul),(dcpm),] (5) with excitation at 320 nm
at 298 K, [(Cul),(dcpm),] (4b) at 77 K.
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Figure 9. Emission spectra of [(Cul);(dcpm),] (3) and [(Cul),(dcpm),] (5)

in degassed dichloromethane, and [Cu,(dcpm),(CH;CN),|(BF,), (1) in
degassed acetonitrile with excitation at 320 nm at 298 K.
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Figure 10. Emission spectra of [Cu,(dcpm),](BF,), with excitation at
320 nm in degassed acetone (solid line) and in degassed acetonitrile

(dash dot line), excitation spectrum in degassed acetone (dotted line) at
298 K.
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Figure 11. Room-temperature time-resolved difference absorption spectra
of [(Cul);(dcpm),] (1.7x 107> m) recorded at 1, 2.7, 5.2, 11, and 92 ps after
excitation at 266 nm in degassed acetonitrile. Inset: room-temperature
time-resolved difference absorption spectra of [(Cul),(dcpm),] (1.8x

10~°m) monitored after 1.5 ps pulsed excitation at 266 nm in degassed
acetonitrile.

Experimental Section

Materials: Cul (Aldrich) and decpm (Strem) were used as received. Sol-
vents (HPLC grade) used in the spectroscopic measurements were dried
and distilled under an argon atmosphere prior to use.

[Cuy(depm),(CH;CN),1(BF,), (1), [Cuy(depm),](BF,), (2): An equimolar
mixture of [Cu(CH;CN),](BF,), and dcpm was dissolved in dichlorome-
thane (15 mL) at room temperature. After stirring for 2 h, the mixture
was filtered. Upon removal of solvent by rotary evaporation, the product
[Cu,(depm),](BF,), was obtained as a white solid. The solid was recrys-
tallized from dichloromethane by slow evaporation. Complexes 1 and 2
were obtained as crystalline solids by diffusion of diethyl ether into a sol-
ution of [Cu,(dcpm),](BF,), in acetonitrile or acetone, respectively. The
crystalline solid was characterized by *'P NMR and X-ray crystallogra-
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Figure 12. a) Room-temperature time-resolved difference absorption

spectra of [Cu,(dcpm),](BF,), (8.0x 1073 M) recorded at 1.0, 2.4, 4.5, 9.0,
and 92 us after excitation at 355 nm in degassed acetone. Inset: decay

traces of transient difference absorption spectra of [Cu,(dcpm),](BF,),
monitored at 440 nm; b) monitored at 860 nm.

phy. P NMR (202 MHz, CD,CN, 298 K): §=9.8 ppm for 1; (CDCL):
0=16.5 ppm; (CD;CN): 6=9.8 ppm; ((CD5),CO): 6=19.8 ppm for 2.

[(Cul);(depm),] (3): decpm was added to a suspension of Cul in dichloro-
methane (25 mL), and the mixture was stirred for 4 h at room tempera-
ture. The resulting solution was filtered and concentrated down to 3 mL.
Addition of diethyl ether gave the product as a white solid. Recrystalliza-
tion by slow diffusion of diethyl ether into a solution of the crude prod-
uct in dichloromethane gave colorless crystals. The crystalline solid was

characterized by *P NMR and X-ray crystallography. *'P NMR
(202 MHz, CDCl;, 298 K): 0 =—2.0 and —2.7 ppm.

[(Cul),(dcpm),] (4): The preparation of [(Cul),(dcpm),] (4) was similar
to that of 3. A mixture of Cul and depm (2:1 molar ratio) in dichlorome-
thane (40 mL) was stirred for 5 h at room temperature. The reaction mix-
ture was concentrated in vacuum and the crude product was recrystal-
lized from a CH,Cl,/diethyl ether mixture to give colorless crystals. The
crystalline solid was characterized by *'P NMR and X-ray crystallogra-
phy. *'P NMR (202 MHz, CDCl;, 298 K): 6 =—3.1 ppm.

Equipment and procedure: Steady-state absorption spectra were record-
ed at ambient temperature with a HITACHI U-3010 UV/Vis spectropho-
tometer. Crystals of a suitable size were mounted either on glass fibers or
in capillary tubes. X-ray data were collected either on a MAR PSD dif-
fractometer or Rigaku AFC7R diffractometer. Intensity data were col-
lected by the w-26 scan technique. The images were interpreted and inte-
grated by using the DENZO or ABSOR programs. The structures were
solved by direct (SIR92) or Patterson methods (PATTY) and expanded
by the Fourier method. Structural refinement on F or F* by full-matrix
least-squares analysis was performed by using TeXsan, SHELXL-93, or
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NRCC-SDP VAX programs. The ORTEP drawings of the structures
were displayed with hydrogen atoms omitted for clarity. The unweighted
and weighted agreement factors (R;, R,,) and the goodness of fit (§) were
calculated.

CCDC(C-224323 (1), CCDC-224324 (2), CCDC-224325 (3), CCD(C-224326
(4) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Centre, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (4+44)1223-336033; or deposit@
ccde.cam.ac.uk).

Corrected emission and excitation spectra were obtained on a HITACHI
F-4500 fluorescence spectrofluorometer adapted to a right-angle configu-
ration. The emission spectra were corrected for detector response and
the excitation spectra were corrected for optical path difference between
the light source and the sample with programs and data supplied by the
manufacturer. Suitable bandpass filters were used to cut off the second
harmonic of the monochromatic excitation light source and stray light.
Solutions for excitation or emission measurements were degassed by em-
ploying at least four freeze-pump-thaw cycles. Low-temperature (77 K)
emission spectra for glass and solid-state samples were recorded in
quartz tubes (5 mm diameter) that were placed inside a liquid nitrogen
bath contained in a quartz optical Dewar flask.

Emission quantum yields in different solvents were determined relative
to quinine sulfate in 1.0N sulfuric acid at low concentrations (@,,=
0.546) or [Ru(bpy)s]** (@.,=0.042).”) Measurement of emission quan-
tum yields of powdered samples involved determination of the diffuse re-
flectance spectra of 1-4 relative to KBr at the excitation wavelength.*!
The measured results were corrected for the detector response as a func-
tion of wavelength. Emission lifetimes of solid or solution samples were
performed with a Quanta Ray DCR-3 Nd-YAG laser with a pulse-width
of 8 ns and an excitation wavelength of 266 nm (fourth harmonic). Emis-
sion signals were collected at right angles to the excitation pulse by a Ha-
mamatsu R928 photomultiplier tube and recorded on a Tektronix model
2430 digital oscilloscope.

Transient absorption spectra were recorded after excitation of the sample
in degassed acetonitrile with an 8 ns laser pulse at 266 nm or in degassed
acetone at 355 nm. The monitoring beam was provided by a 300 W con-
tinuous-wave xenon lamp oriented perpendicular to the direction of the
laser pulse. The transient absorption signals at each wavelength were col-
lected with a SpectraPro-275 monochromator operated with 2 mm slits,
and the signal was fed to a Tektronix TDS 520D oscilloscope. The optical
difference spectrum was generated point by point by monitoring the
signal at individual wavelengths.
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