4666 J. Phys. Chem. A997,101,4666-4672

Synthesis, Photophysics, and Transient Absorption Spectroscopic Studies of Luminescent
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A luminescent copper(l) sulfido cluster [Gu-dtpmy(us-S)](PF)2 (3) {dtpm = bis[bis(4-methylphenyl)-
phosphinolmethanehas been synthesized and characterized by X-ray crystallography. Its photophysical
and electrochemical properties have also been studied. The long-lived photoluminesc@iscassigned to
originate from an excited state with a parentage of large ligand-to-metal charge-transfer LMCTS

Cuy] character, with mixing of metal-centered MC [(ds/dp) Cil(btate. The phosphorescent state8pas

well as those of its analogues [fu-dppm(us-S)](PR)2 (1) and [Cu(u-dppmh(us-Se)](Pk)2 (2), have been
found to undergo facile electron-transfer reactions with different pyridinium acceptors, which have been
investigated with nanosecond transient absorption spectroscopy. Crystal dataders 37.38(1) A,b =
15.905(7) A,c = 27.761(5) A8 = 128.69(1}, V = 12881(6) &, Z = 4.

Introduction acetonitrile-diethyl ether. Tetrar-butylammonium hexafluoro-
phosphate was purchased from Aldrich Chemical Co. and was
recrystallized three times from hot ethanol and then dried under
vacuum at 110C for 24 h. THF, CHCI,, and CHCN were

d purified by standard proceduré&s.

It has been well-known that polynuclea®®domplexes such

as those of copper(l), silver(l), and gold(l) possess remarkable
photophysical and photochemical properfie. Recently, we
have reported a novel class of luminescent tetranucléar ) o
complexes containing an unsubstitutaebridging chalcogenide In electrochemical measurements, double-distilled water was
ligand, [Ma(u-dppmy(usa-E)]2* (M = Cuf2PAg;* E = S, Se, used for rinsing throughout the work. All other solvents and
Te). These complexes have been found to exhibit long-lived "€agents were of analytical grade and were used as received.
phosphorescence; the excited states of which have been assignefill reactions were carried out in an atmosphere of nitrogen under

as an admixture of ligand-to-metal charge-transfer LMCFJE
— My] and metal-centered MC f{es/d—p) Cu(l) or Ag(l)

standard Schlenk conditions.
Preparation of dtpm. It was prepared by modification of a

character, supported by spectroscopic studies, and Fenske reported method for dppm synthe&¥d. To tris(4-methyl-

Hall®d and ab initié® molecular orbital calculations.

phenyl)phosphine (7.32 g, 24.0 mmol) in anhydrous THF (50

In this paper, we report the synthesis, X-ray crystal structure mL) was added lithium metal strips (0.33 g, 48.0 mmol). The
and photophysical properties of a related copper(l) sulfido cluster suspension turned deep red within 5 min. After being stirred

[Cua(u-dtpmu(us-S)I(PFs)2 (3) {dtpm = bis[bis(4-methyl-
phenyl)phosphino]methahe The long-lived phosphorescent

at room temperature for 24 h, the mixture was filtered to remove
any unreacted lithium. 2-Chloro-2-methylpropane (1.61 mL,

state of the clusters has been found to be strongly reducing and24.0 mmol) in 5 mL of THF was added to the solution dropwise
undergo facile electron-transfer quenching with a series of to remove the 4-methylphenyllithium. Dichloromethane (0.77
pyridinium acceptor82® Direct spectroscopic evidence for the mL, 12.0 mmol) in 10 mL of THF was then added dropwise.
mechanism of these photoredox reactions has been providedrhe solution was refluxed for 30 min. After workup and
by nanosecond transient absorption spectroscopic studies usingecrystallization from ChCL/EtOH, dtpm was obtained as white

the complexes [Cifu-dppm)(u4-S)](PFs)z (1), [Cua(u-dppm)-
(us-Se)](PR)2 (2), and [Cu(u-dtpmh(ua-S)](PF)2 (3) {dppm
= bis(diphenylphosphino)methane; dtpmbis[bis(4-methyl-
phenyl)phosphinolmethahe

Experimental Section

Materials. Sodium sulfide hydrate (GR) was obtained from
Merck and was used as received. Tris(4-methylphenyl)-
phosphing?2[Cu(CHsCN)4]PFs, 1% and [Cu(u-dppm)(u4-E)]-
(PR)2 [E = S (1),°2 Se @)% were prepared by published
procedures.

needles (1.94 g, 4.4 mmol, 37% yield}H NMR (300 MHz,

CDCl;, 298 K, relative to TMS)) 2.3 (s, 12H, methyl H's),
2.7 (m, 2H, methylene H’s), 7-47.3 (m, 16H, phenyl H’s).
31P{1H} NMR (202 MHz, acetonels, 298 K, relative to 85%
H3sPQy) 6 —24.1 (s). EI-MSm/z at 440{M} ™.

Preparation of [Cuy(u-dtpm),(CH3CN)J(PFe)2. It was
prepared by modification of the method for the synthesis of
[Cuz(dppmp(CHCN)o](PFe)2.1% [Cu(CHCN)4]PFs (266.0 mg,
0.714 mmol) and dtpm (314.0 mg, 0.714 mmol) were stirred in
30 mL of CHCI, under nitrogen for 4 h. The solution was
then filtered and concentrated. Subsequent recrystallization

The pyridinium salts for transient absorption spectroscopic from CH,Cl /diethyl ether gave the product, isolated as white
studies were prepared by refluxing the substituted pyridines with crystals (458.0 mg, 0.332 mmol, 93% yield)JH NMR (300

the corresponding alkylating reagent in aceteathanol (1:1
vIv) for 4 h, followed by metathesis in water using ammonium

MHz, CDsCN, 298 K, relative to TMS) 2.3 (s, 24H, methyl
H’s), 3.2 (m, 4H, methylene H’s), 6:97.1 (m, 32H, phenyl

hexafluorophosphate and subsequent recrystallization fromH's). 31P{1H} NMR (202 MHz, C}CN, 298 K, relative to

® Abstract published ifAdvance ACS Abstractdjay 15, 1997.

85% HPQy) 6 —13.2 (s). Positive FAB-MS1/z at 1006

{[Cux(dtpm)]}*.

S1089-5639(96)03905-9 CCC: $14.00 © 1997 American Chemical Society
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Preparation of [Cu4(u-dtpm)(u4-S)](PFs)2 (3). The prepa-
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TABLE 1: Crystal and Structure Determination Data for 3

ration was similar to that for the dppm counterpdrt, To a formula [CuSRCuLiH12d2" 2PFs
solution of [Cy(u-dtpmy(CH3CN),](PFs)2 (97.0 mg, 0.070 2(C;Hs),0+(CHs),CO
mmol) in acetone (5 mL) was added dropwise a methanolic M 2544.51
solution (2 mL) of sodium sulfide hydrate (8.44 mg, 0.035 &K 301

. ; . ) a A 37.38(1)
mmol). The solution turned immediately to yellow and finally ' & 15.905(7)
orange. Diffusion of diethyl ether vapor into a concentrated ¢, A 27.761(5)
acetone solution of the complex afforded jGudtpmy(us-S)]- B, deg 128.69(1)
(PR), as air-stable orange crystals (70.0 mg, 0.030 mmol, 85% V: A: or and <h 1288”1(6) _
yield). Elemental anal. found (%): C 60.03, H 5.58, P 12.80. gggt 233‘;“ and shape RAvwaoietl
Calcd for [Cu(dtpm)(S)](PFs)2'(CH3)2CO-CH3CHOCH,CH3 space group C2/c (No. 15)
(%): C59.80, H5.55, P 12.54'H NMR (300 MHz, acetone- z 4
ds, 298 K, relative to TMSY 2.3 (s, 48H, methyl H's), 3.5 (m, F(000) , 5288
8H, methylene H’s), 7.87.3 (m, 64H, phenyl H’s).3'P{1H} D, g cnm 1312

. cryst dimens, mm 0.25% 0.20x 0.35

NMR (202 MHz, acetonals, 298 K, relative to 85% kPQy) o 7, A (graphite monochromated, 071073
—13.7 (s). Positive FAB-M$Vz at 1022{ [Cus(dtpm}(S)[} 2", Mo Ko)
2189{[Cuy(dtpm)}(S)](PFs)} . UV/vis (CHsCN), A/nm (emax u, et 8.58 .
dm® mol~t cmY) 272 sh (49,645), 362 sh (4,175), 430 sh (930).  colinrange Bnax = 45° (h: 0'to 40;

Physical Measurements and Instrumentation.H and3'P

scan mode; scan speed, deg mhin

k: 0to 17;I: —23to 23)
w—26; 16

NMR spectra were recorded on a Bruker DPX-300 (300 MHz)  scan width, deg 0.68 0.35 tand
or DRX-500 (500 MHz) FT-NMR spectrometer. All mass  no. of data colld 8939
P no. of unique data 8777
spectra were recorded on a Finnigan MAT95 mass spectrometer. no. of data used in refinemernt, 4735
Elemental analysis was performed by the Butterworth Labora- . of params refined 643
tories Ltd. Re 0.060
Cyclic voltammetric measurements were carried out by using Ra? ) 0.079
. ) . goodness-of-fitS 2.57
a Princeton Applied Research (PAR) universal programmer - < A 0.04 (for the cation)
(Model 175) and potentiostat (Model 173). Electrochemical residual extrema in final diff map, +1.11,—0.56

measurements were performed in acetonitrile solutions (0.1 mol
dm™3 "BuyNPFs) with Ag/AgNOs (0.1 mol dnt2 in CH3CN)

(FeCp*©) was used as the internal reference. The working
electrode was a glassy carbon (Atomergic Chemetal V25)
electrode with a piece of platinum gauze as the counter electrod
in a compartment separated from the working electrode by a
sintered glass.

studies were prepared under high vacuum in a 18 rmuand-

gassed with no fewer than four successive fregaenp—thaw

out with solid samples loaded in a quartz tube inside a quartz-

measured by the optical dilute method developed by Demas
and Crosby! Quinine sulfate in 1.0 N k8O, solution @ =
0.546, excitation wavelength at 365 nm) was used as the
standard solution.

eAs

: aw = 4F0%(Fo?), whereo?(Fo?) = [0?(1) + (0.028F 23] with | >
as the reference electrode. The ferrocenium/ferrocene couplezg()).

The optical arrangements for transient absorption spectro-
scopic and kinetic measurements consist of a linear monitoring
eam passing through an absorption cell with photolysis light

irradiating the cell normally. Excitation was achieved with the

laser system described above. Transient absorption signals were
Electronic absorption spectra were recorded on a Hewlett- recorded by a photomultiplier tube connected to acb@ad
Packard 8452A diode array spectrophotometer. Steady-stateresistor and amplified by a Tektronix AM502 differential
emission and excitation spectra recorded at room temperatureamplifier (<1 MHz) which was then digitized with a Tektronix
and 77 K were obtained on a Spex Fluorolog-2 Model F 111 TDS 620A digital oscilloscope, interfaced to an IBM-compatible
fluorescence spectrophotometer. All solutions for photophysical personal computer for data treatment. Transient absorption
spectra of the photolyzed solutions were measured perpendicular
bottomed flask equipped with a sidearm 1-cm fluorescence to the laser beam with a 250 W quarizingster-halogen
cuvette and sealed from the atmosphere by a Rotaflo HP6/6(QTH) lamp as the monitoring light source. The entire optical
quick-release Teflon stopper. Solutions were rigorously de- difference spectrum was generated by the point-to-point method
through the selection of wavelength of the monitoring mono-
cycles. Solid-state photophysical measurements were carriedchromators.
Crystal Structure Determination. Single crystals o8 were
walled optical Dewar flask. Liquid nitrogen was placed into obtained from slow diffusion of diethyl ether vapor into a
the Dewar flask for low temperature (77 K) solid-state photo- concentrated acetone solution of the complex. Diffraction data

physical measurements. Luminescence quantum yields wereVere collected at 298 K on a Rigaku AFC7R diffractometer

with graphite monochromatized Modkradiation § = 0.710 73
A). Three standard reflections measured after every 300
reflections showed a decay of 3.54%. The intensity data were
corrected for decay and for Lorentz and polarization effects,
o o ) and empirical absorption corrections based onithscan of
Emission-lifetime measurements were performed using a o r strong reflections. Crystal and structure determination data

conventional laser system. The excitation source was the 355-5; 3 are summarized in Table 1. The centric space group was
nm output (third harmonic) of a Quanta-Ray Q-switched GCR- determined from systematic absences and statistical analysis of
150-10 pulsed Nd:YAG laser. Luminescence decay signals intensity distribution and successful refinement of the structure
from a Hamamatsu R928 photomultiplier tube were converted solved by Patterson methods and expanded by Fourier méthods
to voltage changes by connecting aB0oad resistor and were  and refinement by full-matrix least squares using the software
then recorded on a Tektronix Model TDS 620A digital oscillo- package TeXsdA on a Silicon Graphics Indy computer. A
scope. Solution samples for luminescence lifetime measure-crystallographic asymmetric unit consists of half of the atoms
ments were degassed by no fewer than four successive freeze of the complex cation, one molecule of diethyl ether and half a
pump-thaw cycles. molecule of acetone. 73 H atoms at calculated positions with
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TABLE 2: Atomic Coordinates and Thermal Parameters for Non-hydrogen Atoms of 3

atom X y z Bq? A2 atom X y z Bq? A2

cu(y) 0.02002(3) 0.25185(6) 0.19329(4)  4.43(2) C(25)—0.0187(2)  0.3931(5) 0.0097(3)  4.9(2)
Cu(2) —0.07005(3) 0.27091(6) 0.16489(4)  5.04(2) C(26) —0.0263(3) 0.3732(6) —0.0435(3)  6.3(2)

s(1) 0.0000 0.3043(2) 0.2500 591(7) C(27) —0.0232(2)  0.2923(6) —0.0582(3)  6.0(2)

P(1) 0.05418(8) 0.1282(1) 0.20780(9)  5.68(5) C(28)—0.0122(3) 0.2305(5) —0.0158(3)  6.3(2)

P(2) 0.00542(6) 0.3545(1) 0.12619(8)  4.10(4) C(29)—0.0042(2)  0.2498(5) 0.0395(3)  5.0(2)
PB)  —0.09125(6) 0.3580(1) 0.08720(9)  4.63(4) C(30) —0.0320(3)  0.2707(8) —0.1176(4)  9.6(3)

P@4)  —0.11661(7) 0.1737(1) 0.15654(9)  5.12(5) C(31) —0.1329(2)  0.4395(5) 0.0659(3)  4.7(2)
P(5) 0.1348(1) 0.1767(2) —0.1834(1) 9.55(9) C(32) —0.1196(2) 0.5109(6) 0.1011(3)  6.1(2)
F(1) 0.1092(3) 02610(5) —0.2050(3)  15.1(3)  C(33) —0.1508(3)  0.5744(6) 0.0839(4)  7.0(2)
F(2) 0.0918(3) 0.1256(6) —0.2070(4)  17.2(3)  C(34) —0.1958(3)  0.5689(6) 0.0329(4)  6.4(2)
F(3) 0.1617(2) 00899(5) -0.1609(3)  13.3(2)  C(35) —0.2100(2) 0.4952(6) —0.0008(4)  6.6(2)
F(4) 0.1803(3) 0.2234(6) —0.1518(4)  17.4(3)  C(36) —0.1793(2)  0.4315(5) 0.0146(3)  5.9(2)
F(5) 0.1435(3) 0.1868(6) —0.1196(4)  17.1(3)  C(37) —0.2287(3)  0.6402(7) 00132(4)  8.9(3)
F(6) 0.1272(3) 0.1689(6) —0.2443(4)  17.7(3)  C(38) —0.1117(2)  0.3062(5) 0.0160(3)  5.2(2)
o(1) 0.5000 0.0622(9) 0.2500 12.8(4)  C(39) —0.1260(3)  0.3507(6) —0.0366(4)  7.0(2)
0(2) 0.6727(4) 0.1037(8) 0.6069(5)  18.3(4)  C(40) —0.1355(3) 0.3068(8) —0.0866(4)  9.2(3)

C(1)  —0.0424(2) 0.4205(4) 0.1063(3) 4.4(2)  C(41) —0.1317(3) 0.2213(8) —0.0861(5)  9.8(3)
c(2) 0.0868(3) 0.0874(5) 0.2873(3) 58(2)  C(42) —0.1196(3) 0.1792(7) —0.0360(5)  9.4(3)
c@3) 0.0136(3) 0.0443(5) 0.1607(4) 6.8(2)  C(43) —0.1090(3)  0.2200(6) 0.0155(4)  7.2(2)
C(4)  —0.0040(4) 0.0359(8) 0.1002(5)  15.2(4)  C(44) —0.1408(4)  0.1783(10) —0.1426(5)  14.9(4)
C(5)  —0.0380(4)  —0.0250(9) 0.0618(5)  15.3(4)  C(45) —0.1551(3)  0.2162(5) 0.1683(3)  5.3(2)
c(6)  —0.0530(4) —0.0780(7) 0.0809(5)  10.1(3)  C(46) —0.1493(3)  0.2972(6) 0.1890(3)  6.2(2)
C(7)  —0.0342(4)  —0.0737(9) 0.1380(6)  13.04)  C(47) —0.1766(3)  0.3284(7) 0.2027(4)  7.9(3)
C(8)  —0.0006(4)  —0.0101(8) 0.1780(4)  11.9(4)  C(48) —0.2110(3)  0.2825(8) 0.1938(4)  8.8(3)
C(9)  —0.0876(4)  —0.1467(8) 0.0398(6)  13.9(4)  C(49) —0.2180(3)  0.2028(8) 0.1718(4)  8.7(3)
C(10) 0.0944(3) 0.1210(6) 0.1928(3) 6.4(2)  C(50) —0.1908(3)  0.1685(6) 0.1581(4)  6.9(2)
C(11) 0.1173(4) 0.0468(7) 0.2004(4) 9.8(3)  C(51) —0.2405(4)  0.318(1) 0.2088(5)  14.2(5)
c(12) 0.1481(4) 0.0480(9) 0.1871(5)  13.1(4)  C(52) —0.1555(2)  0.1203(5) 0.0821(3)  5.0(2)
C(13) 0.1564(4) 0.119(1) 0.1682(5)  12.5(4)  C(53) —0.1909(3)  0.1677(6) 0.0321(3)  6.5(2)
C(14) 0.1353(3) 0.1894(8) 0.1611(4) 95(3)  C(54) —0.2201(3)  0.1306(7) —0.0259(3)  7.1(2)
C(15) 0.1039(3) 0.1911(6) 0.1737(4) 71(2)  C(55) —0.2144(3)  0.0476(7) —0.0342(3)  6.8(2)
C(16) 0.1923(4) 0.112(1) 0.1573(6)  18.7(6)  C(56) —0.1787(3)  0.0026(6) 0.0153(4)  7.9(2)
C(17) 0.0526(2) 0.4286(5) 0.1618(3) 45(2)  C(57) —0.1498(3)  0.0384(6) 0.0746(3)  6.3(2)
C(18) 0.0629(2) 0.4822(5) 0.2087(3) 55(2)  C(58) —0.2472(3)  0.0062(8) —0.0967(4)  10.3(3)
C(19) 0.0997(3) 0.5372(6) 0.2372(3) 6.2(2)  C(59) 0.5000 0.138(1) 0.2500 11.4(5)
C(20) 0.1275(3) 0.5404(5) 0.2210(3) 59(2)  C(60) 0.4785(5)  0.186(1) 0.1935(7)  16.4(6)
c(21) 0.1179(2) 0.4865(6) 0.1749(3) 57(2)  C(61) 0.7369(7)  0.044(2) 0.6653(9)  24.2(9)
C(22)  0.0811(2) 0.4316(5) 0.1454(3) 49(2) C(62)  0.7245(7)  0.123(2) 0.6358(9)  23.6(9)
C(23) 0.1673(3) 0.6020(7) 0.2526(4) 85(3)  C(63) 0.6459(6)  0.136(1) 0.5501(8)  18.9(7)
C(24) —0.0069(2) 0.3314(5) 0.0534(3) 42(2)  C(64) 0.5980(5)  0.1240(10) 0.5192(6)  14.9(5)

3 Beg = &am?U1y(aa*)? + Ux(bb*)? + Uag(cc*)? + 2Uaa*bb* cosy + 2Uizaa*cc* cosf + 2Ugbb*cc* cosal.

thermal parameters equal to 1.3 times that of the attached Ctive drawing of the complex cation [Gu-dtpmy(u4-S)F*. The
atoms were not refined. The final agreement factors3fare [CusSTF core with the phenyl rings omitted is illustrated in
given in Table 1. The final atomic coordinates and thermal Figure 1b. Selected bond distances and angles are summarized
parameters for the non-hydrogen atoms are collected in Tablein Table 3. The structure oB, similar to other related

2. clusters’¢ consists of four copper(l) centers arranged in a
distorted rectangular array, capped by an unsubstiputadifido
Results and Discussion ligand with the four dtpm ligands arranged in a two-tpo

Synthesis and Crystal Structure. There have been a down saddlelike orientation. The €u distances in [Cfu-

; - dtpmy(ua-S)](PR)2 [2.955(2) and 3.144(2) A] are slightly longer
number of reports on the various approaches for the synthesis
of transition-metal chalcogenide complexes. Examples include than thoseg of [Cuu-dppm(us-S)(PFs)2 [2.869(1) and
those of [Cu,Se]~,142M»AgeSs (M = Na, K) 14 [(PhsPAULS]- 3.128(1) AJ?2 while the Cu-S bond distances [2.233(1) an_d
(CFsSO3)5%4cand (PsN),[Ag(Se)s].4¢ Fenske and co-workers 2.282(2) A] are comparable to those of other copper(l) sulfido

also demonstrated that (MB),E and its alkyl analogues are ~and thiolato system. o _
useful starting materials for the preparation of transition-metal ~_Electronic Absorption and Emission Properties. The
chalcogenido clustefée Similar to the synthesis df, complex ~ €lectronic absorption spectrum &fin CH,CN (Figure 2a)
3was prepared by the reaction betweenf@tpmy(CH:CN),]- reveals a hlgh-energy abs.o.rptlon shoulder at ca. 272'nm and a
(PR and Na$ in acetone/methanol. The orange complex gave lower energy absorption tail in the 35@50 nm region. Similar
satisfactory elemental analysis and was characterized by positive2bsorption patterns have also been observed for complexes
FAB-MS and!H and3P NMR spectroscopy. Th#P NMR gnd 2.9a~b The h|gh-energ_y absorption band is assigned as
spectra revealed a singlet-al1.8,—12.4, and—13.7 ppm for  intraligand IL (dtpm) transition.
1, 2, and3, respectively. Thé!P signal forl which occurred Excitation of3 in the solid state and in fluid solutions at
more downfield than that of is in accord with the greater 350 nm results in intense long-lived orange emission. The
electronegativity of the sulfido ligand. On the other hand, the photophysical data are listed in Table 4. The emission spectrum
electron-donating methyl groups on the phenyl rings of the dtpm of 3 in degassed acetone at 298 K is displayed in Figure 2b.
ligands in 3 render the phosphorus atoms to resonate more The relatively long radiative lifetimes in the microsecond range
upfield. are suggestive of emissions of a triplet parentage.

The structure of [Cy(u-dtpm)(us-S)](PFs)2 has been estab- Similar to 1 and2,%b and the isostructural [Agu-dppm)-
lished by X-ray crystallography. Figure 1a depicts the perspec- (us-E)]?* series> ¢ the phosphorescence 8fis assigned to
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Figure 2. (a) Electronic absorption spectrum 8fin CHsCN. (b)

PGY Emission spectrum 03 in degassed acetone at 298 K.

TABLE 4: Photophysical Data

emission quantum
compound mediumT{K) Alnm Tolus yield 2
1b solid (298) 579 3.6:0.1 0.22
solid (77) 606
(CH;3),CO (298) 622 8.1 0.2
CH:CN (298) 618 7.8:0.2
2 solid (298) 595 3.9-0.2 0.19
solid (77) 619
(CH;3),CO (298) 626 7.10.2
CHsCN (298) 622 6.9t 0.2
3 solid (298) 604 3.5:0.3 0.26
solid (77) 658
Figure 1. (a, top) Perspective view of the complex cation3oivith (CHs)2CO (298) 622 8.8 04
atomic numbering scheme. Thermal ellipsoids are shown at the 35% CHsCN (298) 620 77404
probability level. (b, bottom) Perspective view of the [S{f" core of .
the complex cation o8 with atomic numbering scheme. The phenyl #In acetone solutior? From ref 9a.c From ref 9b.
rings are omitted for clarity. Thermal ellipsoids are shown at the 35%
probability level. The possibilities that the origin of the emissions being derived

from a metal-to-ligand charge-transfer MLCT (Ct phos-

TABLE 3: Selected Geometric Data for 3 phine) or a ligand-to-ligand charge-transfer LLCT (5 —

Selected Bond Lengths (A) phosphine] transition are excluded, based on the fact that the
Cu(1)-Cu(2) 2.955(2) Cu(fyCu(zry  3.144(2) emission energies df2and3 in fluid solutions are almost the
gﬂg)):ﬁgg g:gigg; gﬂ%g’g; 25328 same (ca. 620 nm). The presence of an electron-donating methyl
Cu(2-P(3) 2.249(2) Cu(2yP(4) 2.229(2) group on the dtpm ligand would destabilize i orbital,
thereby increasing the MLCT (Gu— phosphine) or LLCT
Selected Bond Angles (deg) [(S%7) — phosphine] transition energy. However, such an

Cu(l-S(1-Cu(1¥) 137.12) Cu(l}yS(1)-Cu(2) 81.75(6)

Cu(1-S(1-Cu(2*) 88.27(7) Cu(2yS(1-Cu(2¥) 152.5(2) inC(eqse in emission energy is not observed and the solid-state
S(1)-Cu(l-P(1)  126.3(1) S(BCu(l}-P(2)  106.8(1) emission energy ofl is even higher than that of the dtpm
S(1)-Cu(2y-P(3)  110.21(10) S(HCu(2)-P(4)  122.89(8) counterparB, indicating that ther* of the phosphine ligand is
P(1-Cu(1)-P(2)  126.60(10) P(3)Cu(2)-P(4)  110.21(10) not likely to be the acceptor orbital.

a Starred atoms with coordinates atx y, %> — z). Triplet-State Absorption Spectra. The triplet-state absorp-

tion behavior for the complexes—3 has been studied with
originate predominantly from a ligand-to-metal charge-transfer nanosecond transient absorption difference spectroscopy. Figure
LMCT [(S?") — Cug4] excited state, mixed with a copper(l)- 3a presents the transient absorption difference spectrdnmof
centered (ds/dp) state. Similar assignments have also beerdegassed acetone following pulse excitation at 355 nm. A plot
suggested in other luminescent polynucleat® dhio- of In(AA) of the triplet-state absorption vs time gives a straight
lato 12.d.2d.4a.d,5d.7.8hg|gla-c.e gand alkyny$ed il systems. line (Figure 3b), indicating that the decay follows first-order
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Figure 4. Transient absorption difference spectrum recorded:40
after laser flash for the reaction df and 4-(methoxycarbonyIN-
methylpyridinium in degassed acetone.

®)

1® dm® mol~! s1% The transient absorption difference
spectrum of a degassed acetone solutioh @27 x 1072 mol
dm3) and 4-(methoxycarbonyl\-methylpyridinium hexa-
fluorophosphate (7.9% 1073 mol dn8) is shown in Figure 4.
A sharp absorption band is observed at approximately 390 nm,
concomitant with the formation of a lower intensity band at ca.
484 nm and a more intense broad absorption band at ca. 693
nm. The high-energy absorption band at ca. 390 nm is
5 20 25 30 characteristic of the pyridinyl radical and matches well with
Time /p s the reported spectrum of the 4-(methoxycarbomNnethyl-
pyridinyl radicall” The reaction mechanism is likely to be:

Figure 3. (a) Transient absorption difference spectrum recorded 5
after laser flash for a degassed acetone solutidh i) Plot of IN(AA)
vs time for the triplet state absorption dfat 473 nm. [CugGe-dppm)s (ug-S)l2+ Y Custedppmys

kinetics. The assignment of the transient absorption as the
triplet-state absorption has been confirmed by matching the \ ko
decay of the transient absorption with that of the phosphores- [Cus®dpPPmuGeSE + | ] ——> [CusgedppmaueOk  + m
cence. In general, the triplet-state absorption spectrb—@f EHS EH
are similar, and are characterized by an absorption shoulder at ’
ca. 380 nm and a structureless absorption extended to a lower ) .
energy region (ca. 500 nm). The 480-nm absorption band The 484-nm bz_and and the intense broad_ absorption at ca. 693
maximum is most probably an artifact due to the tailing effect "M are not typical of the pyridinyl radical but should be
of the intense phosphorescence of the complexes at ca. 620 nmcharacteristic of the one-electron oxidized f_orm of _the cluster,
For the same reason, the absorption beyond 520 nm is[CUCUCUCU! (u-dppm)(us-S)F*. Although ligand-field (&=
impossible to record. The origin of the triplet-state absorption d) transitions for a copper(ll) metal center in an unsymmetric
bands cannot be assigned with certainty. Similar excited state€nvironment can occur at such a low-energy redfosych an
absorptions have also been observed in the related tetranuclea®SSignment for both the 484- and 693-nm absorption bands is
copper(l) iodide clusters, and the origin has been assigned as 410t favored, given the relatively hlgh. extinction coefﬂments of
transition from the triplet cluster centeré€C) state to a higher €& 1200 and 6700 dhmol™* cm~* estimated, respectively, on
energy triplet halide-to-ligand charge transfI(CT) state?! the assumption that both and 1* do not have significant
Electrochemical Properties. Cyclic voltammetric measure- ~ @bsorption at ca. 390 nm. Another possible assignment is the
ments 0f3 in CHsCN (0.1 mol dnt3 "BusNPF) revealed four ligand-to-metal charge-transfer LMCT {S — Cu(ll)] transi-
irreversible oxidation waves at cat0.29,+0.84,+1.20, and  tion, which is commonly suggested in many mixed-valence
+1.35 V vs F¢/Fc, while no reduction waves are detected Copper(Lll) thiolate complexes. For example, the absorption
within the solvent window. Similar observations have also been band at ca. 518 nm observed in'guf'[ SC(CHy),CHNH] 1
found for 16 and 2.9° On the basis of the irreversible nature Cl and related thiolate clusters has been assigned to be a LMCT
of the oxidation waves, it appears that the oxidized forms of [(S5*7) — Cu(ll)] transition}® the extinction coefficient of which
these copper(l) clusters are unstable within the cyclic voltam- [3400 dnf mol~* cm™* per Cu(ll)] is comparable to that of the

COOCH; GOOCH;

metric time scale. 484-nm band observed in the transient absorption difference
Photochemical Properties. The phosphorescence ##and spectrum. Similar assignment has also been suggested for the

2% has been found to be quenched by a series of pyridinium absorption bands at 46600 nm of a series of copper(ll)

acceptors_ The excited-state reduction po[entﬁ’]ﬁjuﬂr(ﬂ_ Complexes with thioethers as |igan%95.HOW€V€r, such an

dppm)(us-E)32++] of —1.71(1092 and —1.55(10§° V vs assignment for the broad absorption at 693 nm is less likely in

saturated sodium chloride calomel electrode (SSCE) have beerview of its occurrence at such a low-energy region.

estimated forl and 2, respectively. To gain more direct With reference to our previous transient absorption spectro-
spectroscopic evidence into the mechanism of the photoreactionsscopic work on photoinduced electron-transfer reactions between
between these luminescent copper(l) clusters and pyridinium a series of trinuclear alkynylcopper(l) complexes and pyridinium
acceptors, a nanosecond transient absorption spectroscopic studgcceptors and the observation of a mixed-valence copper species
has been carried out. Complékas been found to be quenched in the transient absorption spectra in the near-infrared region,

by 4-(methoxycarbonyIN-methylpyridinium hexafluorophos- an assignment of the 693-nm transient absorption as an
phate with a bimolecular quenching rate constipbf 3.35 x intervalence-transfer (IT) transition is likely:
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cdcdcdcd' + hw—cdcdcd'cu* @ 1

Similar intervalence-transfer transitions have also been
reported in a variety of mixed-valence copper(l,Il) systems. An
example is the dinuclear macrocyclic complex [Cu'L] 3" [L
= N(CH,CH,N=C—C=NCH,CH,)3N] which shows an inter- S
valence-transfer (IT) band at 756 nm £ 5000 dn¥ mol~?!
cm™1).2! Similar assignment has also been suggested in other
mixed-valence Cu(l)Cu(ll) systems with thiola#, halo22b:
or N,O-containing macrocyclic ligand@d.e M
The transient absorptions are found to decay with time. A
decay trace of the 693-nm absorption is shown in Figure 5a. A ' ' ' '

plot of (1/AA) vs time gives a straight line (Figure 5b), indicating 0 qu‘ime / 10 60 80
that the decay follows second-order kinetics, corresponding to H
the back electron-transfer reaction: ®)
COOCH; COOCH3 4
. Koot
[Cugedppm)y(meS)F* + || |  ——> [Cu,(rdppm)s,-S)*  + |l :
N’ N
&u, du,

A back electron-transfer rate constagg; of 9.7 x 10° dm?
mol~1 s 1is determined based on the decay of the mixed valence
species from the equation

Koot = Db x M x Ae

T T T T T

25 30 35 40 45

whereb is the path length of the optical cell, m is the slope of Time / i s

the straight line obtained from the plot &) vs time, andAe

= Se(products)— Ze(reactants). This value agrees well with ~Figure 5. (a) Decay trace of mixed-valence species'{TiCUCU -

that obtained from the pyridinyl radical decay trace. cu-dpme)W-S)]h Iat 693 nm for the reaction d* and 4'(r|“emoxy'
Similarly, complex1 is quenched by 4-(aminoformyly- cart_)ony)N-met ylpyridinium in degassed acetone. (b) Plot oA@AY

Yr > A vs time at 693 nm.

methylpyridinium hexafluorophosphate wittkgof 1.77 x 10°

dm® mol~1s71.% Transient absorptions have also been observed

for the photoinduced electron-transfer reactions betvi#emd

4-(aminoformyl)N-methylpyridinium, and methylviologen

hexafluorophosphates, respectively. For the case of 4-(amino-

formyl)-N-methylpyridinium acceptor, a sharp absorption peak

at ca. 390 nm, a less intense peak at 475 nm, and a broad and < 001

intense band at 690 nm are observed. Similarly, the highest

energy band is in accord with the characteristic absorption of

the pyridinyl radicalt” and the lower energy 475-nm peak and

0.02

the broad band at ca. 690 nm are assigned as ligand-to-metal 0'00_. . . . —_—
charge-transfer LMCT [(B3) — Cu(ll)] and intervalence- 400 500 600 700 800
transfer IT transitions of the mixed-valence 'CUCUCU" Wavelength / nm

species, respectively. Roe value of 2.2x 100 dm?® mol~! Figure 6. Transient absorption difference spectrum recordedid0

s tis estimated. The smallég and largelkyevalues observed  after laser flash for the reaction @ and 4-(methoxycarbonylIN-

with 4-(aminoformyl)N-methylpyridinium acceptor than 4-(meth- ~ methylpyridinium in degassed acetone.
oxycarbonyl)N-methylpyridinium are in line with the more

negative reduction potential of the former, leading to a less be expected for the selenido than the sulfido analogue. Instead,
negativeAG® for the forward reaction and a more negativé® an assignment of intervalence-transfer transition appears to be
for the back electron-transfer step, consistent with that predictedmore likely for these low-energy absorptions. The back
for the normal region according to Marcus theory. For the case €lectron-transfer rate constants between the oxidized spties
with methylviologen, characteristic absorptions at ca. 390 and and the reduced 4-(methoxycarbonyhmethylpyridinyl and

605 nm, typical of the methylviologen cation radical are 4-(aminoformyl)N-methylpyridinyl radicals are estimated to be
observed® The absorptions of the mixed-valence'CuCu- 1.4 x 10" and 2.4x 10 dm® mol~* s7%, respectively, also in

Cu' species appear to be obscured by the intense absorption ofine with those predicted according to Marcus theory.

MV*F, For 3, similar photoinduced electron-transfer reactions with
Similarly, transient absorption difference spectra have also different pyridinium acceptors have also been found to occur.
been obtained for the electron-transfer reactions bet&&eand The transient absorption difference spectrum of a degassed

4-(methoxycarbonyIN-methylpyridinium (Figure 6), 4-(amino-  acetone solution @ and 4-(methoxycarbonyl\-methylpyrid-
formyl)-N-methylpyridinium, and methylviologen hexafluoro- inium hexafluorophosphate is depicted in Figure 7. In general,
phosphates, respectively. The broad intense absorption at 683ll the spectra are very similar to those of the dppm analogue
nm has also been assigned as the absorption of the mixed-l, indicative of relatively little participation of the bridging
valence CICUCUCU' species of2t. The occurrence of the  phosphine ligand in the absorption characteristics of the transient
685-nm absorption at similar energy as that of the sulfido species. Similar to those of complexésand 2, the back
analoguel (693 nm) further excludes their assignments as electron-transfer rate constants between the oxidized sp&ties
LMCT transitions where a much lower energy absorption would and reduced 4-(methoxycarbonidymethylpyridinyl and 4-(ami-



4672 J. Phys. Chem. A, Vol. 101, No. 26, 1997

0.02+

S 0011

0.00

400

500 600 700 800
Wavelength / nm
Figure 7. Transient absorption difference spectrum recordeg/d0

after laser flash for the reaction & and 4-(methoxycarbonylN-
methylpyridinium in degassed acetone.

noformyl)-N-methylpyridinyl radicals are estimated to be 9.7
x 1P and 2.1x 10'° dm?® mol~! s7%, respectively.
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