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The syntheses, absorption spectra, emission spectra, electrochemical behavior, and excited-state lifetimes of a
series of phenylethynyl-substituted copper(l) complexes are reported. These results are compared to those of the
parent complex, [Cu(dpg))" (dpp= 2,9-diphenyl-1,10-phenanthroline), to explore the effects of extended electronic
delocalization on the photophysics of luminescent copper(l) bis(phenanthroline) complexes. Visible excitation of
these complexes leads to emission from metal-to-ligand charge-transfer excited states. Room-temperature excited-
state lifetimes range from 91 to 243 ns in dichloromethane. The effects of the phenylethynyl group(s) on the
photophysical and electrochemical properties vary with the position of substitution. The most profound effects
are observed when the parent complex is substituted at the 4- and 7-positions of the phenanthroline ligand. The
positional effects are discussed with respect to the nature of the lowest unoccupied molecular orbitals.

Introduction to absorb in the visible region. We are also interested in
exploring the effects of extended electronic delocalization in
dthe metal-to-ligand charge-transfer (MLCT) acceptor ligands.
It has been shown that increasedlelocalization in the acceptor
ligands can have a dramatic effect on the photophysical
properties of ruthenium(ll) polypyridine complexgs1 Life-
time enhancements (up to a factor of 3000) have been observed
in certain systems. These effects are thought to be due to a
reduction in the amount of nuclear displacement in the MLCT
excited state of the complex. Extending the delocalization of
| the acceptor orbital allows the effect of the excited electron to
be dispersed over more atoms, causing less excited-state
structural distortion, which slows nonradiative decay.

Although polypyridine complexes of ruthenium(ll) receive
a great deal of attention from groups researching photoinduce
electron and energy transfer} copper(l) polypyridine com-
plexes also display interesting photoluminescent properties. In
recent years, our group and other researéhérsave been
interested in examining the properties and applicability of
copper(l) bis(phenanthroline) complexes. We recently reported
a heteroleptic copper(l) complex, [Cu(dbp)(dmpjiibp= 2,9-
di-tert-butyl-1,10-phenanthroline; dmp= 2,9-dimethyl-1,10-
phenanthroline), which has solution-state properties that riva
those of what is probably the most studied photoluminescent
transition-metal complex, [Ru(bpy¥"™ (bpy = 2,2-bipyridine)? : X o ,

A major focus of our research is to develop the photochem-  FOr light-harvesting applications, a device should absorb as
istry of copper(l) bis(phenanthroline) complexes in order to much of the V|§|ble spectrum as possible to maximize the use
make them suitable for practical applications such as light Of €nergy provided by the sun. All of the copper(l) complexes
harvesting for photovoltaic cells and as molecular sensors. For" this study are based upon the well-studied Gamplex 2°f
a complex to be useful as a molecular sensor, the complex2:9-diphenyl-1,10-phenanthroline, [@]* (Chart 1)>-81720
should have a high quantum yield of photoluminescence. Until N the case of [CW),] ¥, the complex absorbs over a wide region
recently, a major limitation in the use of copper(l) bis- of the visible spectrum, from 400 to 650 nm W|f[h a maximum
(phenanthroline) complexes was their low quantum yields &t 440 nm ¢ = 3800 M™% cm™). These absorption bands are
(¢ ~ 0.001)81°With the discovery of the highly luminescent

complex [Cu(dbp)(dmp}}® our focus has turned toward (1) Sngdl%ng?fitgogggé??-géglones' W.E., Jr.; Meyer, I.Am. Chem.
increasing the ability of copper bis(phenanthroline) complexes (1) Benniston, A.'C.; Grosshenny, V. Harriman, A.; ZiesselARgew.
Chem., Int. Ed. Engl1994 33, 1884-1885.

TPhone: (858) 534-5265. Fax: (858) 534-5383. E-mail: tkarpish@ (13) Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones, W.

ucsd.edu. E., Jr.; Meyer, T. Jinorg. Chem.1995 34, 473-487.
(1) Kalyanasundaram, KCoord. Chem. Re 1982 46, 159-244. (14) Grosshenny, V.; Harriman, A.; Romero, F.; Ziessel) RRhys. Chem.
(2) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von 1996 100, 17472-17484.
Zelewski, A.Coord. Chem. Re 1988 84, 85-277. (15) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R.;
(3) Meyer, T. JAcc. Chem. Red.989 22, 163-170. Meyer, T. J.Inorg. Chem.1996 35, 2242-2246.
(4) Balzani, V.; Scandola, Supramolecular Photochemisfiyjorwood: (16) Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, J.K.
Chichester, U.K., 1991. Am. Chem. Sod 997 119, 8253-8268.
(5) Kutal, C.Coord. Chem. Re 199Q 99, 213-252. (17) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sauvage, J.-P.; Kirchhoff,
(6) Horvah, O.Coord. Chem. Re 1994 135/136 303—324. J. R.; McMillin, D. R.J. Chem. Soc., Chem. Commud®83 513—
(7) McMillin D. R.; McNett, K. M. Chem. Re. 1998 98, 1201-1219. 515.
(8) Ruthkosky, M.; Kelly, C. A.; Castellano, F. N.; Meyer, G.Coord. (18) McMillin, D. R.; Kirchhoff, J. R.; Goodwin, K. VCoord. Chem. Re
Chem. Re. 1998 171, 309-322. 1985 65, 83—-92.
(9) Miller, M. T.; Gantzel, P. K.; Karpishin, T. BJ. Am. Chem. Soc. (19) Ichinaga, A. K.; Kirchhoff, J. R.; McMillin, D. R.; Sauvage, J.tRorg.
1999 121, 4292-4293. Chem.1987, 26, 4290-4292.
(10) Eggleston, M. K.; McMillin, D. R.; Koenig, K. S.; Pallenberg, A. J.  (20) Gushurst, A. K. I.; McMillin, D. R.; Dietrich-Buchecker, C. O.;
Inorg. Chem.1997, 36, 172-176. Sauvage, J.-Anorg. Chem.1989 28, 4070-4072.

10.1021/ic990588e CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/23/1999



Phenylethynyl Substituent Effects on [Cu(dgp) Inorganic Chemistry, Vol. 38, No. 23, 199%247

6000 |

Chart 1 12000 [— — B ———
5 6 I — vk
4 7 10000 Rl
ot /N e [cu@), |
3 3 8 I L +H
N ‘g 8000 [Cua ]l
2 110 9 ° r - - -[CU(s)z]* i
s
w

4000 |

2000

400 500 600 700 800
Wavelength (nm)

Figure 1. Electronic absorption spectra of [Q)f]*, [Cu(3).]*, [Cu-
(4)7]", and [Cub)z]*, in dichloromethane at room temperature.

The three goals of this study are (1) to increase the ability of
[Cu(NN)z]* complexes to absorb visible light and thus, ideally,
to make copper-based black absorbers, (2) to study the effects
of extended delocalization of the photochemistry of [Cu(MN)
complexes, and (3) to study the effects of modifying the parent
phenanthroline2) at different positions. This paper describes
the photophysical and electrochemical effects of substituting
the parent complex, [Ca)z]*, with phenylethynyl groups.

due to several MLCT transitions that generate'[C)(L*")]™
in the excited staté24 Complex [CuR),] ™ absorbs over a much
broader region of the visible spectrum than [Cu(BN)ystems
(NN = a 1,10-phenanthroline derivative) without phenyl sub-  Syntheses.Synthetic procedures used for the preparation of the
stituents at the 2- and 9-positions of the phenanthroline ligand. !igands and the copper(l) complexes are provided in the Supporting
It is believed that the wider absorption manifold is due to a 'nformation. . .

molecular fluxionality in the ground state which is likely Instrumentation. Electronic absorption spectra were recorded on a

tabilized b tacking int fi betw. the oh | Hewlett-Packard 8452A diode array spectrophotometer. Luminescence
stabilized Dyr-stacking Interactions between the phenyl groups spectra were recorded on a Perkin-Elmer LS-50B luminescence

and the phenanthroline plane of the opposing ligThis  gpectrometer equipped with a red-sensitive photomultiplier tube.
fluxionality allows several transitions which are forbidden in  Emission spectra were corrected using the files supplied by the

an idealizedD,y symmetry to become allowed as the complex instrument manufacturer. Time-resolved luminescence was studied
distorts to lower symmetr}£:23.24.26.27These interactions are  using a pulsed dye laser pumped by a XeCl excimer laser. Details of
clearly seen in the solid state?® these experiments have been previously providéclic voltammo-

To shift the MLCT bands in [Ct®),] * further into the visible grams were recorded on a BAS CV50W analyzer in a single cell with
spectrum we focused on decreasing the energy of the LUMO & glassy carbon working electrode, a Pt wire counter electrode, and a
by adding electron-withdrawing substituents to the phenanthro- A9/AgCI(aq) reference electrode. The'féc couple was recorded at
line. We selected the phenylethynyl group for our investigation 9-4%0 V under identical conditions.
since it should extend the delocalization regardless of the pagyits
conformation of the phenyl group relative to the phenanthroline ) ) )
plane. The ethynyl group is also attractive from a synthetic point (/) Electronic Absorption Spectra. The absorption spectra
of view since it cannot form isomers, is chemically stable, and Of the complexes are shown in Figure 1. All of the spectra

Experimental Section

is easy to attach through known coupling meth®dd? Thus, ~ Show a common red shift in the ligamd-z* transition when

we are able to examine the effects of phenylethynyl groups at the phenylethynyl group is attached to the parent ligén#.

different positions of the phenanthroline ligand (Chart 1). This red shift is taken as evidence of the extended electronic

delocalization in the phenylethynyl-modified phenanthroline

(21) McGarvey, J. J.; Bell, S. E. J.; Bechara, Jitarg. Chem 1986 25, ligands. The MLCT transitions in the Coomplexes are also
4325-4327. affected by the extended delocalization with ligaridand 4,

(22) %%(;levoeoyé J.J.; Bell, S. E. J.; Gordon, K.l8org. Chem1988 27, but not with ligands (Figure 1).

(23) Parker, W. L.; Crosby, G. Al. Phys. Chem1989 93, 5692-5696. The primary MLCT band of ruthenium(ll) tris(diimine)

(24) Everly, R. M.; McMillin, D. R.J. Phys. Chen991, 95, 9071-9075. complexes is known to be relatively insensitive toward substitu-

(25) 35’9”328“&;553”‘26" P. K.; Karpishin, T. Binorg. Chem.1998 tion on the diimine ligand3 However, the phenylethynyl-

(26) Krohnke, F.Synthesid976 1—24. substituted phenanthroline Reomplexe#* are sensitive, and

(27) Phifer, C. C.; McMillin, D. R.Inorg. Chem.1986 25, 1329-1333. this is also the case with our Ceomplexes. The copper

(28) Klemens, F. K.; Palmer, C. E. A.; Rolland, S. M.; Fanwick, P. E;;  complex of4 shows a 1890 cmt shift in the MLCT band

McMillin, D. R.; Sauvage, J. PNew J. Chem199Q 14, 129-133. . .
(29) Sjagren, M.; Hansson,gs.; Norrby, P. O.; Akermark, B.; Cucciolito, compared to the parent complex [QM+' The intensity of the

M. E.; Vitagliano, A.Organometallics1992 11, 3954-3964.

(30) Grosshenny, V.; Ziessel, RB. Organomet. Chenl993 453 C19- (33) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Bnorg. Chem.1999
C22. 38, 3414-3422.

(31) Ziessel, R.; Suffert, J.; Youinou, M.-J. Org. Chem1996 61, 6535- (34) Tzalis, D.; Tor, Y.Tetrahedron Lett1995 36, 6017-6020.
6546. (35) Maulding, D. R.; Roberts, B. G. Org. Chem1969 34, 1734-1736.

(32) Grosshenny, V.; Romero, F. M.; Ziessel, R.; Suffer§, Drg. Chem. (36) Bray, R. G.; Ferguson, J.; Hawkins, C.Aust. J. Chem1969 22,
1997 62, 1491-1500. 2091-2103.
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Table 1. Room-Temperature Photophysical and Electrochemical®Data

compd Amax@bs, nm €)° Ama€M, NN% 7, ng' E1[Cu(L)z]?+ E1z[Cu(L),] ™ E1z[Cu(L)2]%~
[Cu(2):](PFs) 440 (3800) 690 243 0.84 (70) -1.80 i
[Cu(3)2](PFs) 482 (3300) 758 91 1.00 (66) -1.35(72) —1.58 (66)
[Cu(4);)(PFs) 480 (10000) 773 108 0.89 (76) —1.35 (66) i
[Cu(5)2)(PFs) 438 (2900) 740 238 0.88 (81) -1.58 [

a2 Redox couples were measured in a nitrogen-saturated dichloromethane solution containing 0.1 M TBAH at room temperature at 300 mV/s.
Couples are reported in volts vs Ag/AgCI. The difference between the anodic and cathodic current peak potentials (in millivolts) is given in
parenthese$. The molar extinction coefficient at the absorption maximunt{m™) is given in parenthese$From corrected photoluminescence
spectrat5 nm (see text for detailsy.Excited-state lifetime in deoxygenated dichloromethahB%) with excitation at 535 nnf.Peak potential
of a quasi-reversible process=iirreversible.

primary MLCT transition also increases from 3800 Mcm—2 potentials correlate with the number of electron-withdrawing
for [Cu(2)2]* to 10 000 ML cm™? for [Cu(4);]*. As can be phenylethynyl groups in the complex. Interestingly the
seen in Figure 1, the strong absorption throughout the visible [Cu(3)2]T complex also displays a second reversible reduction
region for [Cu@),]* demonstrates that the complex is a black process in dichloromethane atl.58 V.
absorber. The MLCT band shapes, however, are largely unaf- (lll) Photophysical Properties. Photoluminescence was
fected by the phenylethynyl groups on the 4- and 7-positions observed from each of the complexes upon excitation of the
of the phenanthroline. MLCT band. The room-temperature excited-state lifetimes and
The primary MLCT band of the copper(l) complex®also emission spectra were recorded in nitrogen-saturated dichlo-
shows a substantial red shift of 1980 thversus the parent  romethane (Table 1). The emission spectra of BRI,
complex, [CuR),]™ (Figure 1). The intensity of the MLCT band  [Cu(4).]*, and [Cuf),]* are too weak at room temperature and
is slightly decreased, and this effect has been seen in the Ru(ll)the instrument corrections too severe to allow reasonable
complex of 3,8-diphenylethynyl-1,10-phenanthrolfd€areful determinations of absolute quantum yields. The excited-state
inspection also shows that the low-energy shoulder of 3]i{ lifetimes of the complexes decrease in the order BBli{ >
is decreased in intensity relative to [Q)] . This is expected [Cu®)2]t > [Cu(@)7]t > [Cu(3),]". Assuming that the excited-
since inspection of molecular models indicates that steric state distortion at the copper center is roughly equal for the
interactions between the phenylethynyl groups and the phenylcomplexes, the energy-gap law states that the value of the
groups at the 2- and 9-positions will restrict the rotation of the nonradiative decay rate constant is inversely related to the energy
phenyl groups. This, in turn, will reduce ground-state and gap between the ground and excited state’$.38 This effect
excited-state distortions by enforcingyy symmetry in the has been previously observed in 'Raris(diimine) black
complex and decrease the intensity of the low-energy shoul- absorbers$? Since the complexes in this study have the same
der19.26.28.33 core structure, the excited-state lifetimes can be expected to
The visible electronic absorption spectrum of [Bj] is decrease with decreasing emission energy. The complexes can
largely unaffected by the phenylethynyl substitution (Figure 1). be listed in order of decreasing emission energy as follows:
There is a red shift in the ligand—s* band, but there is no  [Cu(2)2]T > [Cu(B)2]T > [Cu3)2]t > [Cu(@)2]™. This trend is
corresponding MLCT shift. As with [C&],] ", there is a slight very similar to the observed trend in excited-state lifetimes;
decrease in the intensity of the MLCT bands. however, the last two entries are reversed. The emission maxima
(I) Electrochemical Properties. The cyclic voltammograms ~ of [Cu(3),]* and [Cuf),]* are, however, quite close in energy,
of the complexes were recorded in dichloromethane (Table 1). and the lifetimes are also reasonably close (Table 1). Thus, the
All of the complexes display a reversible @uredox couple. energy-gap law holds reasonably well in correlating the excited-
The CU" couple is greatly influenced by the steric bulk of the state lifetimes with the emission maxima in this series of
substituents at the 2- and 9-positions of the phenanthroline complexes.
ligandsi®3” As these substituents become more bulky, the , )
complex is unable to rearrange to the preferred (square-planar)Piscussion and Conclusions

copper(ll) coordination geometry due to steric clashes with the  we have prepared three new phenanthroline-based ligands
opposing ligand. This stabilizes the 'Catate and results in a  with extendedr-delocalization. If the areas under the absorption
more positive CU' redox potential. Although the 2- and spectra (from 14 300 to 25 000 cA) are integrated, the new
9-substituents are not varied in this study, the effect can still ligands enhance the ability of the copper(l) complexes to absorb
be observed with [C®);]". Whereas the potentials of the yjsible light in the order [CW)2]" > [Cu(3)2]* > [Cu(B)3]™. It
complexes with ligand®, 4, and5 are within 50 mV of one  js shown that substituting the phenanthroline at the 4- and
another, the Clt couple for [CuB)] " occurs ca. 110 mV more  7-positions with phenylethynyl groups has the most profound
positive than that for the other complexes. This is attributed to effect on the absorption spectrum and the emission energy of
the phenylethynyl groups limiting the rotation of the phenyl the resulting complex.

groups at the 2- and 9-positions of the phenanthroline due to  These substituent effects can be explained by examining the
steric interactions. This hindered rotation then prevents the | UmMO diagrams of 1,10-phenanthroline (Figure*2)t has been
flattening distortion (toward square-planar) preferred by thi& Cu  shown that there are two low-lying MOs() and h(y), which

ion. are both possible acceptor orbitals in the MLCT excited tefe.
All of the complexes display at least one quasi-reversible

reduction process in dichloromethane (Table 1). The one- (38) Meyer, T. JPure Appl. Chem1986 58, 1193-1206.
electron reduction is assigned to a ligand-based process to form(39) Anderson, P. A; Strouse, G. F.; Treadway, J. A.; Keene, F. R.; Meyer,

I «—)70 10 ; T. J.Inorg. Chem.1994 33, 3863-3864.

[CU(L)(L*)IP® As expected, the values of these reduction (40) Ito, T.; Tanaka, N.; Hanazaki, |.; Nagakura,Bsil. Chem. Soc. Jpn.
1969 42, 702-709.

(37) Federlin, P.; Kern, J.-M.; Rastegar, A.; Dietrich-Buchecker, C. O.; (41) Ernst, S.; Vogler, C.; Klein, A.; Kaim, W.; Zalis, $norg. Chem.
Marnot, P. A.; Sauvage, J. Rew J. Chem199Q 14, 9-12. 1996 35, 1295-1300.
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Ru' systems~16 As pointed out by Treadway et al., however,

spectral fitting and temperature-dependent lifetime measure-

ments are required to specifically determine the causal relation-

ship between ligand delocalization and lifetime valtfeSrom

our results, it appears that, to take advantage of the broad

absorption spectrum of the Ccomplexes, one needs to use a

Y X relatively nonrigid complex that can distort away frobg
Figure 2. Schematic representation of the relative weights of the Symmetry. This is th_e e)_(act OppOSIt.e of what is req_UIred_for a
constituent p atomic orbitals for the two low-lying LUMOs of 1,10-  10ng excited-state lifetime and high quantum vyield in a
phenanthroline. [Cu(NN),]* systen?
All of the novel complexes prepared here do have lifetimes

Due to larger overlap between the metal d orbitals and the Which are long enough for bimolecular energy or electron
by(y) orbital, it is generally agreed that MLCT excitation leads transfer to occur. In addition, the ability of [C4)g]* to harvest
to population of the ) orbital in these complexes:4t solar energy is a marked improvement over the parent complex,
Assuming that the MO coefficients do not change significantly [Cu(2)2]*, which has been previously used in a scheme to
due to phenyl substitution at the 2- and 9-positions, it is clear Produce hydrogen gas from water and to sensitize large band
that in the () orbital there are large differences between the gap semiconductor$-4* Thus, the utilization of [Cuf)z]* in
coefficients at the 3/8-, 4/7-, and 5/6-positions. The largest place of [CuR)s]* would be expected to lead to improved
electronic effects should be observed for 4/7- and 3/8-substitu- efficiencies in these two applications.

tion, whereas substitution at 5/6 should have a small or  Acknowledgment. We thank Professor D. Magde for the
negligible effect (Figure 2). These predictions are confirmed yse of his pulsed laser equipment, and Professor Y. Tor for the
by our experimental results that show significantly red-shifted yse of his emission spectrometer and for the sample of 3,8-
MLCT bands for [CuB).]" and [Cu@)2] ", but not for [Cub),] diphenylethynyl-1,10-phenanthroline. Partial financial support
(Figure 1). The MLCT intensities for [C8Jz]* and [Cu#)2] ", was from a Hellman Faculty Fellowship.
however, vary significantly. The enhanced absorption in
[Cu(4),]" may be due to an increase in the dipole length of the
transition that results from the geometric position of the
phenylethynyl substituents.

Upon phenylethynyl substitution, the photophysical properties C990588E
of the parent complex, [Ca),]", are affected in a negative (42) Alonso-Vante, N.; Ern, V.; Chatier, P.; Dietrich-Buchecker, C. O.;
fashion in terms of excited-state lifetimes and quantum yields. McMillin, D. R.; Marnot, P. A.; Sauvage, J. Rlow. J. Chim.1983
It was hoped that the increased delocalization would enhance 7, 3-5. _
the ability of the complexes to absorb in the visible region while 43) fggL A.; Marnot, P. A.; Sauvage, J.Wow. J. Chim.1984 8, 495-
also enhancing the excited-state lifetimes of the complexes by 44y Alonso-vante, N.; Nierengarten, J.-F.; Sauvage, J.-Ehem. Soc.,
reducing the nonradiative rate constant, as observed in certain Dalton Trans.1994 1649-1654.
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