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differences in the efficiencies of this decay due to differences in 
the amount of metal character present in the excited state. The 
smaller the C T  character, the stronger the spin-orbit coupling 
effects and the more efficient the decay. Nonradiative decay 
pathways in the complexes showing both fluorescence and 
phosphorescence are more complicated. However the trend in 
the phosphorescence lifetimes for the compounds studied reflects 
the predicted trend in the CT character of the emitting state. The 
compounds with the largest C T  character have the longest 
phosphorescence lifetimes. 
Summary 

The electronic absorption and emission spectra of a series of 
Re(CO),(cr,n’-diimine) compounds under various conditions were 
measured and analyzed. The broad, intense, lowest energy ab- 
sorption band from these compounds is assigned to a composite 
of several metal to nl  *(cr,a’-diimine) charge-transfer transitions 
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including two d n  - n I *  transitions, a d6 - a!* transition, and 
possibly a ub(Re-Re) - A,* transition. Emission from these 
compounds, is assigned to a Re d - A’* MLCT excited state. 
Re2(CO)B(2,2’-bpy), Re2(CO)*(4,4’-Me2bpy), Re2(CO)d1 ,IO- 
phen), and Re2(CO)8(isopr-Pyca) exhibit both fluorescence and 
phosphorescence from this excited state, whereas only phos- 
phorescence is observed from Re2(C0)8(isopr-DAB) and Re2- 
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A new series of [ R u ( ~ ~ ~ ) ~ ( L ) ] ( P F &  complexes, where bpy = 2,2’-bipyridine and L = 3-(pyrazin-2-yl)-1,2,4-triazole (HLO), 
1 -methyl-3-(pyrazin-2-yl)-l,2,4-triazole (LI), l-methyl-5-(pyrazin-2-yl)-I,2,4-triazole (L2), and 3-methyl-5-(pyrazin-2-yl)- 
1,2,4-triazole (HL3), have been prepared and characterized. ‘H NMR spectroscopy has been used to analyze the coordination 
modes of the ligands, while UV-vis absorption, emission, and resonance Raman spectroscopies, together with electrochemistry, 
have been used to study the properties of the complexes in their ground and excited states. Electrochemical data and resonance 
Raman experiments show that in the compounds containing protonated or N-methyl-substituted pyrazinyltriazole ligands the lowest 
?r* levels are pyrazinyltriazole based, while for the complexes with deprotonated ligands the lowest ?r* levels are located on the 
bpy ligands. Furthermore, the emission data (lifetimes and maxima) suggest that the emitting states can be changed from bpy 
to pyrazinyltriazole based upon lowering the pH for [Ru(b~y)~(LO)l+ and [R~(bpy)~(L3)]+. Another interesting feature is that 
the absorption and emission maxima of [Ri~(bpy)~(LO)]+ and [Ru(bp~)~(L3)]+ do not change to a large extent when the pH is 
lowered. 

Introduction 

Much work carried out in the field of ruthenium coordination 
chemistry has revealed that ruthenium compounds with nitro- 
gen-containing ligands have interesting electrochemical, photo- 
physical, and photochemical properties. In particular, compounds 
such as [Ru(bpy)J2+ (bpy = 2,2’-bipyridine) and [Ru(bpz)J2+ 
(bpz = 2,2’-bipyrazine) have been investigated in detail and have 
been suggested as potential catalysts for the conversion of solar 
energy. 

We are at present investigating the effect of asymmetry in 
bidentate ligands on the physical properties of ruthenium and 
osmium compounds, and in earlier papers we reported ruthenium 
compounds containing 3-(pyridin-2-yl)-1,2,4-triazoIe~,~+~ By the 
combination of a six- and a five-membered ring into a bidentate 
ligand, two different kinds of coordinating nitrogen atoms are 
created. As it is known that five-membered rings, as for example 
1,2,4-triazoles, pyrazoles, and imidazoles, are strong u-donor 
ligands and weak n-acceptor ligands compared to 2,2’-bipyridine, 
it is anticipated that asymmetric bidentate ligands of this kind 
may produce ruthenium compounds with unusual excited-state 
properties. This paper describes both the preparation of some novel 
pyrazinyltriazole ligands and the physical properties of a series 
of ruthenium bis(bipyridine) complexes containing these ligands. 
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From experiments described in the literature: it is known that 
bipyrazine has weaker u-donor capacities and stronger a-acceptor 
properties than bipyridine. It is, therefore, expected that there 
will be substantial differences between the photophysical properties 
of the compounds containing pyridyltriazoles and pyrazinyl- 
triazoles. Of particular interest to us is the nature of the lowest 
unoccupied molecular orbital (LUMO) in these compounds. An 
additional feature of pyrazine-containing ligands is the possibility 
of protonation of the noncoordinating pyrazine atom in strong 
acidic 
Experimental Section 

Physical Methods. ’H N M R  spectra were obtained on a JEOL 
JNM-FX 200 MHz spectrometer, while the COSY ‘H N M R  spectra 
were recorded on a Bruker 300-MHz spectrometer, as reported previ- 
o ~ s l y . ’ ~  The measurements of the ligands were carried out in CDC13, 
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Ru Complexes Containing Triazole Ligands 

Table I .  'H N M R  Chemical Shifts (CDC13 in ppm Relative to 
TMS) and Electrochemical Data (CH3CN with 0.1 M TBAP in V vs 
SCE) of the Free Pyrazinyltriazole Ligands 
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ovrazine ring triazole rine .. - I 

H3 H5 H6 H{ CH, redn pot. 
HLO 9.46 (d) 8.70 (2 d) 8.66 (d) 8.25 (s) -1.35 
L I  9.39 (d j  8.69 (2 d j  8.62 i d j  8.22 ( s j  4.06 (s) -1.97 

bPY -2.2137 

L2 9.29 (d) 8.80 (2 d)  8.77 (d) 8.12 (s) 4.23 (s) -1.23 
HL3 9.20 (d) 8.71 (2 d) 8.67 (d) 2.41 (s) -1.49 
bpz 9.53 (d) 8.84 8.84 -1 .764' 

and the coordination compounds were measured in (CD3)2C0. 
UV-vis measurements were carried out on a Perkin-Elmer 330 or on 

a Shimadzu UV-240 spectrophotometer, using matched I-cm quartz 
cells. Titrations in the pH range from 1 to IO were carried out in a 
Britton-Robinson buffer solution (0.04 M H3B04, 0.04 M H3P04, 0.04 
M H3CCOOH). Titrations in the pH range from 3 to -5 were carried 
out by the use of concentrated sulfuric acid. 

High-performance liquid chromatography was carried out by using a 
Waters 990 photodiode-array HPLC system in conjunction with an NEC 
APC 111 computer, a Waters Model 6000 A pump, a 20-pL injector loop, 
and a p Partisil SCX radial PAK cartridge. The detection wavelength 
used was 280 nm. The chromatography was carried out by using ace- 
tonitrile/water (80/20) containing 0.08 M LiC104 as a mobile phase. 
The flow rate used was 3 mL/min. 

Cyclic voltammograms (CV) and differential-pulse polarograms 
(DPP) were recorded on an EG&G Par C Model 303 potentiostat with 
an EG&G Par 3848 polarographic analyzer. Measurements were car- 
ried out in HPLC grade acetonitrile by using 0.1 M tetrabutylammonium 
perchlorate (TBAP) as electrolyte. The scan rate for the cyclic voltam- 
mograms was 100 mV/s and that for the differential-pulse measurements 
4 mV/s with a peak height of 20 mV. 

Emission spectra were recorded on a Perkin-Elmer MPF-44B lu- 
minescence spectrometer using a Hamamatsu R928 red-sensitive detector 
and an emission slit width of IO nm at room temperature and 2.5 nm at  
77 K; spectra were not corrected for photomultiplier response. The 
lifetime measurements were carried out on a modified App!ied Photo- 
physics single-photon instrument. At room temperature the measure- 
ments were carried out in acetonitrile, and at  low temperature mea- 
surements were carried out in a mixture of distilled propionitrile/bu- 
tyronitrile (4/5 v/v). 

Resonance Raman spectra were recorded in ethanol solution by using 
a spinning cell and a Jobin Yvon HG2S Ramanor spectrophotometer. 
The samples were excited by an S P  Model 171 argon ion laser. Exci- 
tation took place at  458, 488, and 514.5 nm. 

Elemental analyses were carried out at University College, Dublin. 
Preparation of the Ligands. Cyanopyrazine was prepared according 

to literature methods." 
The pyrazinyltriazole ligands were prepared as reported in the liter- 

ature for analogous 3-(pyridin-2-yl)- 1 ,2 ,4- t r ia~oles .~~- '~  
Preparation of pyrazinamidrazone. A 20-mL volume of ethanol was 

added to a mixture of 5.0 g (0.048 mol) of molten 2-cyanopyrazine and 
an equimolar amount of 2.4 g of hydrazine hydrate. For the synthesis 
of I-methyl-3-(pyrazin-2-yl)- I ,2,4-triazole an equimolar amount of me- 
thylhydrazine was used. The solution was stirred for 1 h at room tem- 
perature. Yellow crystals were collected by filtration. 

Preparation of the Ligands 3-(Pyrazin-2-yl)-1,2,4-triazole (HLO), 
I-Methyl-l(pyrazin-2-yl)-l,2,4-triazole (Ll), and 3-Methyl-5-(pyrazin- 
2-yl)-1,2,4-triazole (HL3). The pyrazinamidrazone (14 g; 100 mmol) 
was dissolved in an IO-fold excess of cold formic acid at temperatures 
below IO "C. For the synthesis of 3-methyl-5-(pyrazin-2-yl)-1,2,4-tria- 
zole, acetic acid was used instead of formic acid. Upon addition of the 
amidrazone, the mixture was stirred for 3 h at room temperature. After 
subsequent heating to dryness at 120 "C, the ligand crystallized out. The 
ligands were recrystallized from ethanol. HLO: yield 48%; mp 213 "C. 
LI:  yield 5070; mp 173 "C. HL3: yield 64%; mp 246 "C. 

The ' H  NMR and electrochemical data of the free ligands are given 
in  Table 1. and the structures are shown in Figure I .  

Preparation of I-Methyl-5-(pyrabn-2-yl)-1,546iazole (L2). A 4.2-g 
(0.034-mol) amount of pyrazinamide was dissolved in 12.4 g (0.104 mol) 
of N,N-dimethylformamide dimethyl acetal while the solution was heated 

( I  I )  Delaby, R.; Damiens, R.; Robba, M. C. R .  Hebd. Seances Acad. Sei. 
1958. 247. 822. 

(12) Kubdta. S.1 Uda, M.; Nakagawa, T. J. Heierocycl. Chem. 1975, 12,855. 
(13) Kubots, S.; Uda, M.; Nakagawa, T. J. Heierocycl. Chem. 1975,12,855. 
(14) Lin, Y.; Lang, S. A., Jr.; Lovell, M. F.; Perkinson, N. A. J. Org. Chem. 

1979, 44, 4161. 

L3 
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Figure 1. Structural formula of the ligands HLO, LI ,  L2, and HL3 (with 
numbering for N M R  spectroscopy). 

to 70 "C. After the mixture was cooled at -20 "C yellow crystals of 
pyrazinoylformamidine were collected by filtration and washed with cold 
diethyl ether. 

To a solution of 1 .O g (0.024 mol) of methylhydrazine in 40 mL of 
acetic acid was added 3.6 g (0.022 mol) of pyrazinoylformamidine. After 
the mixture was heated at reflux for 1.5 h, the acetic acid was evaporated 
under reduced pressure to produce an oil, which was dissolved in chlo- 
roform. 

The chloroform solution was neutralized with sodium bicarbonate, 
washed with water, and dried over sodium sulfate. After filtration the 
chloroform was removed under reduced pressure and the residue was 
dissolved in diethyl ether. Upon cooling of the solution to -20 "C, the 
ligand crystallized. The ligand was recrystallized from absolute ethanol. 
L2: yield 22%; mp 82 OC. 

The 'H N M R  and electrochemical data obtained for the ligand are 
given in Table 1. 

Preparation of the Complexes. [R~(bpy)~(L)] ,+  compounds were 
prepared according to literature methods.Is 

A 1-mmol (0.51-g) amount of [ R ~ ( b p y ) ~ C l , ] ' ~  and an excess of ligand 
L (1.5-2 mmol; 0.2-0.3 g) were refluxed in 50 mL of ethanol for 8 h. 
The solvent was evaporated, and the residue was dissolved in a small 
amount of water. The complexes were precipitated with ammonium 
hexafluorophosphate. Recrystallization took place in a mixture of 1 / 1 
acetone and water. To obtain the compound containing LO, one drop of 
10% ammonium hydroxide was added, to ensure the formation of the 
pure deprotonated complex. 

[Ru(bpy),(L0)](PF6)H20. Yield: 0.23 g (30%). Anal. Calcd for 
C26H22F6N90PR~:  c, 44.3; H, 2.9; N,  17.9; P, 4.4. Found: c ,  43.6; 
H, 3.1; N, 17.3; P, 4.2. 
[R~(bpy)~(Ll)](PF~),.2H,0. Yield: 0.54 g (71%). Anal. Calcd for 

C27H27F12N902P2R~: C, 36.0; H, 3.0; N, 14.0 P, 6.9. Found: C,  36.1; 
H, 2.8; N, 13.7; P, 6.7. 

[ R ~ ( b p y ) ~ ( L 2 ) ] ( p F ~ ) ~ .  Yield: 0.43 g (60%). Anal. Calcd for 
C27H23F12N9P2R~: C, 37.5; H, 2.7; N, 14.6; P, 7.2. Found: C, 37.9; 
H, 2.7; N, 14.2; P, 7.6. 

[ R u ( ~ ~ ~ ) ~ ( H L ~ ) ] ( P F ~ ) , . Z H , O .  Yield: 0.42 g (58%). Anal. Calcd 
for C27H27F12N902P2R~: C, 36.0; H, 3.0; N, 14.0 P, 6.9. Found: C, 
36.7; H, 3.1; N, 13.7; P, 6.7. 

[Ru(LI),](PF,), was prepared by refluxing 1 mmol of RuCI, with 4 
mmol of LI and I g of ascorbic acid in 50 mL of ethanol for 6 h. 
Isolation and purification took place as described for the [ R ~ ( b p y ) ~ ( L ) ] ~ +  
complexes. 

[Ru(LI)~](PF,)~.H~O. Yield: 0.31 g (35%). Anal. Calcd for 
C21H23F12NISOP2R~: C, 28.3; H, 2.6; N, 23.5; P, 6.9. Found: C, 28.1; 
H, 2.6; N, 23.7; P, 7.0. 

Results 
Nuclear Magnetic Resonance. T h e  'H N M R  d a t a  obtained 

for the  ruthenium bis(bipyridy1) pyrazinyltriazole complexes are 
summarized in Table 11. In spite of the  complexity of the spectra, 
it was possible t o  assign most of t h e  peaks by using two-dimen- 
sional COSY NMR, as illustrated in Figure 2. However, no full 
assignment has  been given. T h e  triazole ring in t h e  pyrazinyl- 

(IS) Ross, H. B.; Boldaji, M.; Rillema, D. P.; Blanton, C. B.; White, R. P. 
Inorg. Chem. 1989, 28, 1013. 

(16) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978, 17, 3334. 
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Table 11. 'H NMR Chemical Shifts of the Pyrazinyltriazole Protons 
in ppm Relative to TMS ((CD&CO)" 

compd H3 Hs H6 HS/ CH3 
[Ru(~PY)~(LO)I+  9.26 7.89 8.31 8.01 

[ R ~ ( b p y ) ~ ( H L 0 ) ] ~ ~  9.59 7.95 8.60 8.91 

[ R ~ ( b p y ) ~ ( L l ) ] * +  9.47 8.06 8.60 8.75 4.10 

[ R ~ ( b p y ) ~ ( L 2 ) ] ~ +  9.79 8.27 8.67 8.26 4.57 

[ R u ( ~ P Y ) A L ~ ) I +  9.18 7.80 8.24 2.25 
(-0.02) (-0.91) (-0.53) (-0.16) 

[ R ~ ( b p y ) ~ ( H L 3 ) ] ~ +  9.37 8.05 8.51 2.48 
(+0.17) (-0.34) (-0.16) (+0.07) 

[Ru(L1)3I2+ 9.44 8.34 8.55 8.77b 4.09b 
9.46 8.43 8.63 8.82c 4.1OC 

8.87c 4.12c 
8.9Y 

(-0.20) (-0.81) (-0.35) (-0.24) 

(+0.13) (-0.75) (-0.06) (+0.66) 

(+0.08) (-0.63) (-0.02) (+0.53) (+0.04) 

(+0.50) (-0.53) (+O. lO)  (+0.14) (+0.34) 

'The values in parentheses are the changes in chemical shifts com- 
pared to the free ligands. "ac isomer. isomer. 

M 

7.6 

PPm 

8.0 

8.4 

8.8 

8.8 8.4 8.0 7.6 
PPm 

Figure 2. COSY 'H NMR spectrum of [ R ~ ( b p y ) ~ ( L l ) ] ~ + .  

triazole ligands and the previously reported pyridyltriazole ligands 
can bind in two ways, via N2' or via N4' of the triazole ring.l0 
By comparison of the chemical shifts of the coordinated ligands 
with those of the free ligand and by use of space-filling models, 
the coordination mode of the pyrazinyltriazole ligands has been 
determined. 

The chemical shifts of the protons of the ligands are influenced 
by three factors:17 (i) the electron density on the ligands diminishes 
upon coordination, inducing a downfield shift; ( i i )  steric effects 
lead to a downfield shift; (iii) alignment of a proton above an 
adjacent aromatic ring leads to a dramatic upfield shift. An 
example of steric effects can be observed for [ R ~ ( b p y ) ~ ( L 2 ) ] ~ + ,  
where the triazole methyl group is close to the H3 proton of the 
pyrazine ring, leading to a substantial downfield shift for both 
H3 and the protons of the methyl group (see Table 11). 

For steric reasons it is expected that L1 and also L2 coordinate 
through N4'. Space-filling models show that when LI is coor- 
dinated through N4', the methyl group is completely free and has 
no interactions with other ligands. However, when bound through 
N2', the methyl group is close to one of the bpy ligands and a 
large upfield magnetic shift is expected for the methyl group 
compared to the free ligand.I7 The NMR data show no significant 

Table 111. UV-Vis Absorption and Emission Data and Lifetimes of 
Ruthenium Pyrazinyltriazole and Related Compounds 

emission absorption (300 K) 
Amar nm 

440 ( I  .32) 
456 (1.14) 
440 (1.45) 
443 (1.38) 
441 (1.27) 
458 (1.21) 
417 (1.47) 
452 (1.30) 
440 (1.30) 
473 (0.99) 
454 (0.86) 
480 

A,,, nm (1. P )  
(e, lo4 M-I cm-I) 77 K O  300 Kb .. .__ .. 

612 (4.9) 662 (0.10) 
618 (4.1) 680 (0.08) 
575 (7.8) 630 (0.07) 
577 (7.8) 680 (0.19) 
620 (5.2) 665 (0.14) 
627 (3.8) 670 (0.07) 
574 (6.3) 600 
582 (4.8) 615 (0.8)O 
573 610 (0.74)cd 
639 (3.4) 710 (0.38)cd 
588 639 (0.13)d 

710 (0.08)d 

Measured in propionitrile/butyronitrile (4/5 v/v). Measured in ace- 
tonitrile at a concentration of M. 'Reference 3. dReferences 23 and 
24. 

shift of the methyl group, which indicates that L1 indeed coor- 
dinates via N4' of the triazole ring. This conclusion is in agreement 
with previous X-ray studies of ruthenium complexes with the 
analogous I-methylpyridyltriazole 

By comparison of the data for the free ligand HL3 and the 
coordinated one, it can be seen that the chemical shift of the methyl 
group hardly changes. This suggests, if arguments similar to those 
given above are used, that the ligand binds through N2' and not 
through N4'. The same coordination mode also has been observed 
previously for [R~(bpy)~(3-methyl-5-(2-pyridyl)-l,2,4-tria- 

For HLO the situation is more complicated, because for this 
ligand the two coordination modes (N2' or N4') are from steric 
considerations identical. Inspection of the NMR spectrum of 
[R~(bpy)~(LO)l+ shows that for the sample obtained only one H5' 
signal is present at 8.01 ppm, which is 0.24 ppm to higher field 
than the chemical shift of this proton in the free ligand. Similarly, 
for the complex containing protonated HLO, also only one H5' 
resonances at 8.91 ppm (+0.66) is observed. This is indicative 
for the presence of only one coordination isomer, with either N2' 
or N4' coordination. Also HPLC experiments suggest that only 
one isomer is present. However, as mentioned in the Experimental 
Section for [ R ~ ( b p y ) ~ ( L o ) ] p F ~ . H ~ o ,  a yield of only 30% was 
obtained. This low yield might indicate that one geometrical 
isomer precipitates preferentially. The other isomer has so far 
not been isolated, but HPLC analysis of a second fraction strongly 
suggests the presence of a second isomer in a low yieldU2' 

We are currently trying to separate both isomers for further 
studies. For the analogous pyridyltriazole complexes, the two 
geometrical isomers (N2' and N4') have recently been separated 
and the NMR spectra of both isomers have been obtained.*O For 
the deprotonated-N2'-coordinated isomer an upfield shift of 0.28 
ppm and for the N4'-bound isomer an upfield shift of 0.77 ppm 
have been observed.20 The small upfield shift of the H5' proton 
in [Ru(bpy),(LO)]' suggests that the isolated complex contains 
pyrazinyltriazole that is coordinated via N2' to the ruthenium 
center. The small upfield shift of the H5' proton could be caused 
by the negative charge of the triazolate ligand, which causes a 
general upfield shift of the protons. 

From the N MR experiments it is therefore concluded that in 
the compound isolated the ligands LI and L2 are bound via N4', 

ZOk)] PF6-4H20.20 

( 1  7) Steel, P. J.; Lahousse, F.; Lerner, D.; Marzin, C. Inorg. Chem. 1983, 
77 IAXX - -, . . - - . 
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1990, I2 I .  

(19) Hage, R.; Prins, R.; de Graaff, R. A. G.; Haasnoot, J. G.; Reedijk, J.; 
VOS. J .  G. Acta Crystallogr., Sect. C 1988, C44, 56. 

(20) Buchanan, B. E.; Vos, J. G.; van der Putten, W. J. M.; Kelly, J. M.; 
Hage, R.; de Graaff, R. A. G.; Prins, R.; Haasnoot, J. G.; Reedijk, J. 
J. Chem. SOC., Dalton Trans. 1990, 2425. 

(21) Buchanan, B. E.; McGovern, E.; Harkin, P.; Vos, J. G. Inorg. Chim. 
Acta 1988, 154. I .  
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C 

LOO 450 5QO nm - 350 

Figure 3. pH dependence of the absorption spectrum of [Ru(bpy),- 
(HL3)]*+ in an aqueous Britton-Robinson buffer. Key for curves a-h: 
(a) pH 6.71; (b) 5.25; (c) 4.79; (d) 4.34: (e) 4.09; (9 3.87; ( 9 )  2.14. 

while HLO and HL3 are coordinated via N2' of the triazole ring 
to the Ru(bpy), moiety. 

UV-Vis Absorption Spectroscopy and Ground-State Acid-Base 
Chemistry. The UV-vis absorption and electrochemical data of 
ruthenium bis(pyridy1) complexes are summarized in Table 111. 

In the UV-vis absorption spectra one broad band is observed 
in the visible part of the spectrum at  about 440-455 nm, as 
illustrated in Figure 3. By comparison with literature data this 
band can be assigned to d r - r  metal-to-ligand charge-transfer 
(MLCT)  transition^.^ 

The acid-base chemistry of the compounds was investigated 
by using UV-vis absorption spectroscopy. The removal of the 
triazole-based proton (pK,(acid)) in HLO and HL3 causes a rather 
small red shift of about 15 nm in the absorption maxima. A typical 
titration plot is given in Figure 3. The pK,(acid) values obtained 
for the complexes are 3.1 for [ R ~ ( b p y ) ~ ( H L 0 ) ] ~ +  and 4.2 for 
[ R u ( ~ P Y ) ~ ( H L ~ ) J ' + .  

The ruthenium compounds can also be protonated on the non- 
coordinating nitrogen of the pyrazine ring in concentrated sulfuric 
acid (pK,(base) in eq I ) ,  as has been shown previously by 
Crutchley et al. for bipyrazine-containing  compound^.^ 

The ruthenium bis(bipyridy1) pyrazinyltriazole compounds were 
stable in strong acidic media. Even from 96% sulfuric acid they 
could be recovered unchanged after neutralization. For increasing 
Hammett acidity (-Ho) values22 the major absorption peak 
(around 450 nm) i n  the UV-vis spectrum decreases, while two 
new absorption bands show up at 400 and 530 nm. The pK,(base) 
values for all complexes are -1 3, and an example of a titration 
experiment is presented in Figure 4. The measured pK,(base) 
values for the complexes are similar to the value obtained by 
Crutchley et al. for [ R u ( b p ~ ) ~ ] ~ +  (pK,(base) = -2.2).7 

Emission Spectroscopy. The emission properties of the pyra- 
zinyltriazole-containing ruthenium complexes have been listed in 
Table 111. Also some data of analogous complexes containing 
2,2'-bipyrazine (bpz) and 2,2'-bipyrimidine (bpm) have been 
added. [ R U ( L I ) ~ J ~ +  exhibits a strong emission with a rather long 
lifetime at  77 K. At room temperature, the emission has nearly 
disappeared and no lifetime could be obtained. A similar, although 
less pronounced, effect has been observed for [Ru(bpz),12+ and 
[ R ~ ( b p m ) ~ ] ~ +  and a detailed analysis has revealed that population 
of strongly deactivating 3MC states causes a strong decrease of 
the luminescence lifetime at room t e m p e r a t ~ r e . ~ ~ - ~ ~  For the 

(22) Long, F. A.; Paul, M. A. Chem. Reo. 1957, 57, I .  
(23) Allan, G. H.; White, R. P.; Rillema, D. P.; Meyer, T. J.  J .  Am. Chem. 

Sot. 1984, 106, 2613. 
(24) Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, D. Inorg. Chem. 1983, 

22, 1618. 

Figure 4. Titration of [ R ~ ( b p y ) ~ ( L l ) ] ~ +  with sulfuric acid. Key for -Ho 
values of curves a-m: (a) -7.00; (b) -0 .70 (c) -0.42; (d) -0.12; (e) 0.10; 
(f) 0.30; (8) 0.43; (h) 0.72; (i) 1.13; 6 )  1.50; (k) 2.10; ( I )  2.58; (m) 3.14. 

Table IV. Electrochemical Data for the Compounds" 
no. compd oxidn pot. redn pot. AE, 17 

1.30 
0.95 
1.30 
1.31 
1.29 
0.92 
1.40 
1.23 
1.93 

. I -  

-1.23, -1 .53, -1.78 2.53 
-1.44, -1.66, -1.96 2.39 
-1.26, -1.52, -1.77 2.56 
-1.09, -1.51, -1.77 2.40 
-1.22, -1.52, -1.77 2.51 
-1.44, -1.66, -1.80 2.36 
-1.25, - I  .46, -1.76 2.65 
-1.36, -1.54, -1.79 2.59 
-0.74, -0.92, -1.18 2.67 

'Measured in  CH$N with 0.1 M TBAP. Potentials in V versus 
SCE. "E,,,  ( V )  = E,, - Erd .  

mixed-ligand chelate complexes, the 3MC states are not populated 
at room temperature and only 3MLCT states play a role in the 
temperature dependency of the lifetimes. Although no detailed 
analysis has been carried out on the [ R u ( b p ~ ) ~ ( L ) ] ~ +  systems, 
it is likely that the same kind of processes govern the photophysical 
properties of the pyrazinyltriazole systems. 

The complexes with HLO and HL3 have at 77 K emission 
maxima at  lower energy than the complexes containing L1 and 
L2. This difference in emission energy could be caused by the 
different coordination modes of HLO, HL3 (N2'), and L1 and 
L2 (N4'). Surprisingly, deprotonation of HLO and HL3 causes 
only a very small shift in the emission energy, but the lifetimes 
of [R~(bpy)~(LO)l+ and [R~(bpy)~(L3)]+ are significantly shorter 
than those found for the protonated species. A possible explanation 
for this behavior will be given in the Discussion. 

When the pyrazine ring is protonated with concentrated sulfuric 
acid, the compounds show no emission. 

Electrochemistry. Both differential-pulse polarography and 
cyclic voltammetry have been applied to study the redox properties 
of the ruthenium compounds reported here. It should be noted 
that it was difficult to obtain accurate values for the reduction 
potentials of the compounds containing neutral HLO and HL3 
in the acidified solutions. 

The complexes with L1, L2, HLO, and HL3 are much alike 
in redox behavior (Table IV). As shown in Table IV, depro- 
tonation of HLO- and HL3-containing compounds influences the 
electrochemical data as well as absorption and emission properties, 
as described previously (Figure 5). The oxidation potentials of 
complexes with deprotonated ligands LO- and L3- are significantly 
less positive than those of the other complexes, while the reduction 
potentials are more negative for [R~(bpy)~(Lo)] '  and [Ru- 
(bpy),(L3)]+ than for the other complexes. 

Upon protonation of the pyrazine rings of the ligands of the 
various complexes, the oxidation potentials are shifted by about 
I50 mV to higher potentials. The reduction potentials could not 

( 2 5 )  We would like to thank one of the reviewers pointing out this fact. 
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Figure 5. Plots of AE,,* versus (a) absorption and (b) emission energies 
for compounds 1-9 (see Table 111 for numbering of compounds). 
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Figure 6. Resonance Raman spectrum of [RU(LI)~]~+,  excited with 458 
nm in acetonitrile. Bands marked with an asterisk are solvent bands. 

be measured in these strongly acidic solutions. 
Resonance Raman Measurements. Resonance Raman (r R) 

spectra can be used for the assignment of the nature and char- 
acterization of electronic transitions.26B If excitation takes place 
into an allowed electronic transition, the rR spectrum is char- 
acterized by strong rR effects for the vibrations of those bonds 
that are mostly affected by the electronic transition. Thus, ex- 
citation into an allowed Ru - n*(a-diimine) transition primarily 
affects the diimine bonds. As a result, enhancement of Raman 
intensity is normally observed for the symmetrical stretching modes 
of the a-diimine ligand. With this method also the presence of 
different clcctronic transitions within one absorption band can 
be detected and identified by studying the wavelength dependence 
of the rR spectra.29 

Figure 6 presents the rR spectrum of [ R U ( L I ) ~ J ~ +  obtained by 
excitation with a wdvelength of 458 nm. Comparison with the 
corresponding spectra of [Ru(bpz)J2+ revealed that the enhanced 
bands at 17 I O ,  1558, 1508, 1452, and 1274 cm-' are pyrazine- 
based  vibration^.^^,^^ No strong triazole vibrations were observed 

(26) Basu, A.; Gafney, H. D.; Strekas, T. C. Inorg. Chem. 1982, 2/ ,  223 I .  
(27) Braunstein, C. H.; Baker, A. D.; Strekas, T. C.; Gafney, H.  D. Inorg. 

Chem. 1984, 23. 857. 
(28) Stufkens, D. J.; Snoeck, T. L.; Lever, A. B. P. Inorg. Chem. 1988, 27, 

951 
(29) SeLaas, P. C.; van Dijk, H.  K.; Snoeck. T. L.; Stufkens, D. J.; Oskam, 

A. Inorg. Chem. 1985, 23, 4494. 
(30) Balk, W.; Stufkens. D. J.; Crutchley, R. J.: Lever, A. B. P. Inorg. Chim. 
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Figure 7. Resonance Raman spectra of [Ru(bpy)z(HL3)](PF6)z, excited 
with (a) 458, (b) 488, and (c) 514.5 nm, and [RU(~PY)~(L~)] (PF& 
excited with (d) 458, (e) 488, and (f)  514.5 nm, in acetonitrile. Bands 
marked with an asterisk are solvent bands. 

in the rR spectrum. This indicates that after excitation most of 
the negative charge resides at the pyrazine ring. 

Excitation of [ R ~ ( b p y ) ~ ( L l  ) I2+,  [Ru( bpy),(L2)I2+, and [Ru- 
( b p ~ ) ~ ( H L 3 ) ] ~ '  with a wavelength of 514.5 nm yielded rR spectra 
that are very similar to those observed for [Ru(LI),]*+, with 
intensity enhancement at 1720, 1558, 151 2, 1455, and 1277 cm-I. 
After excitation with 488 nm, again mainly pyrazinyltriazole 
vibrations were visible, but after excitation with 458 nm bpy 
vibrations at 1603, 1559, 1489, 1319, and 1185 cm-' wereobserved 
for these complexes.32 As a representative example, Figure 7 
shows the rR spectra of [ R u ( b p ~ ) ~ ( H L 3 ) ] ~ +  at different wave- 
lengths of excitation. From these spectra it can be concluded that 
the low-energy sides of the MLCT bands of these complexes belong 
to one or more dn  - n*(L) transitions and that the d s  - n*(bpy) 
transitions become apparent a t  the high-energy sides. 

The same conclusion was drawn for the [ R ~ ( b p y ) ~ ( b p z ) ] ~ +  
dication; low-energy excitation yielded a rR spectrum with only 
bpz vibrations, whereas upon excitation with 458 nm, also bpy 
vibrations became visible.32 

The rR spectra of [Ru(bp~)~(L3)]+ are also presented in Figure 
7. Again, after excitation with 458 nm, resonance-enhanced bpy 
and pyrazinyltriazole vibrations are visible. However, upon ex- 
citation with 488 nm, the bpy vibrations are still clearly visible, 
and even after excitation with 514.5 nm, the rR spectrum has 
hardly changed. This indicates that the overlap between the d r  - a*(bpy) and a d n  -+ n*(L3) transitions in the absorption 
spectrum of [Ru(bpy),(L3)]+ is much larger than in the case of 
the protonated species. 

RR spectra were also recorded for the complexes dissolved in 
a solution of 20% H2S04 in ethanol. The spectra excited with 
5 14.5 nm only showed vibrations of the pyrazinyltriazole ligands 
and not those of bpy (Figure 8) .  Excitation with 458 nm shows 
also some bpy vibrations, which indicates that both dn - n*(L) 
and dn  - n*(bpy) transitions are present (Figure 8). These 
results indicate that low-energy bands in the absorption spectra 
of the complexes reported in 20% H2SO4 originate from a dn  - 
n*(L) transition, while the band at  400 nm is due to a dn  - 
n*(bpy) transition. 
Discussion 

It has previously been noted that the photophysical properties 
of [R~(bpy)~(LL' ) l~+ (LL' = various substituted pyridyltriazoles) 

( 3  I )  Toma, H. E.; Santos, P. S.; Lever, A. B. P. Inwg. Chem. 1988. 27, 3850. 
(32) Tait, C. D.; Donohoe, R. J . ;  DeArmond. M. K.; Wertz, D. W. Inorg. 

Chem. 1987. 26, 2754. Acta 1982, 64, L49. 
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Figure 8. Resonance Raman spectra of [R~(bpy)~(HL3)]~+, protonated 
in 20% H#0, in ethanol solution, excited with (a) 458 and (b) 514.5 nm. 
Bands marked with an asterisk are solvent bands. 

are dominated by bpy-localized proces~es.~ Comparison of the 
properties of the free pyrazinyltriazole ligands with the analogous 
pyridyltriazole ligands20 shows a number of interesting features. 

(i) The free HLO and HL3 ligands have slightly lower pK,(acid) 
values (8.7 and 9.4) than their pyridyltriazole analogues (9.2 and 
9.8). Also the pK,(acid) values of the coordinated HLO and HL3 
ligands (3.1 and 4.2) are lower than observed for the analogous 
bound pyridyltriazole ligands (4.1 and 4.9).20 These differences 
suggest that the pyrazinyltriazole are weaker a-donor ligands than 
their pyridyltriazole analogues. In general ligands with high 
pK,(acid) values are strong a-donor ligands and weaker r-ac- 
cepting ligands.33 

(ii) The higher pK,(acid) values of HLO and HL3 indicate that 
LO- and L3- have stronger a-donor properties than bpy, which 
has a pK,(base) of 4.4.33-35 It is therefore expected that the 
deprotonated ligands are more difficult to be reduced than bpy. 
The same observation has been made for the pyridyltriazole lig- 
ands. 

(iii) Finally, the reduction potentials of the free neutral ligands 
are less negative than that observed for bpy (-2.21 V vs SCE37), 
and those of the analogous pyridyltriazole ligands,20 suggesting 
that the pyrazinyltriazole ligands are better *-acceptor ligands 
than bpy and the pyridyltriazoles. 

The first reduction potentials of [ R ~ ( b p y ) ~ ( H L o ) ] ~ + ,  [Ru- 
( b p ~ ) ~ ( L 1  ) I 2 + ,  IR~(bpy)~(L2)1~' ,  and [Ru(bpy)2(HL3)I2' are 
less negative than the first reduction potential of [ R ~ ( b p y ) ~ ] ~ '  
(Table IV). This suggests that in  these compounds the first 
reduction potential is pyrazinyltriazole based, especially since from 
the electrochemical measurements on the free ligands, the HLO, 
LI ,  L2, and HL3 ligands are expected to be better *-acceptor 
ligands than bpy (Table I ) .  The oxidation potentials of [Ru- 

(33) Ernst, S. D.; Kaim, W. Inorg. Chem. 1989, 28, 1520. 
(34) Nakamoto, K. J .  Phys. Chem. 1960, 64, 420. 
(35) Barigelletti. F.; De Cola, L.; Balzani, V.; Hage, R.; Haasnoot, J. G.; 

Reedijk, J.; Vos, J. G. Inorg. Chem. 1989, 28, 4344. 
(36) Dodsworth, E. S.; Lever, A. 8. P. Chem. Phys. Lett. 1986, 124. 152. 
(37) Barigelletti, F.; Juris, A.; Balzani, V.; Belser, P.; von Zelewsky, A. Inorg. 

Chem. 1987, 26,4115. 

(bPY)2(HLO)I2+9 [RU(bPY)2(L1)I2+9 [RU(bPY)2(L2)I2+, and 
[ R ~ ( b p y ) ~ ( H L 3 ) ] ~ '  are 100 mV higher than found for the py- 
ridyltriazole-containing complexes, indicating that the pyrazi- 
nyltriazole ligands are somewhat weaker a-donor ligands than the 
pyridyltriazole ligands. The nature of the enhanced vibrations 
in the rR measurements suggests that the low-energy side of the 
absorption band has mainly pyrazinyltriazole character, while the 
high-energy side of the transition appears to be bpy based. 

Deprotonation of [ R ~ ( b p y ) ~ ( H L 3 ) ] ~ +  and [ R ~ ( b p y ) ~ ( H L o ) ] ~ +  
causes changes in the electrochemical potentials and absorption, 
emission, and rR spectra (Tables I11 and IV). The oxidation 
potential is lowered because, after deprotonation, the triazole 
ligands are better u-donor  ligand^,^ with the result that more 
charge is present a t  the metal ion. The oxidation potentials of 
the deprotonated species are about 100 mV higher than the 
analogous pyridyltriazole complexes, again indicating that the 
a-donor properties of the pyrazinyltriazoles are weaker than the 
pyridyltriazoles. 

In the compounds containing deprotonated LO- and L3-, the 
first reduction wave is most likely bpy based instead of pyra- 
zyltriazole based. This can be substantiated for the following three 
reasons. First, the reduction potentials are very similar to those 
of [R~(bpy)~(pyridyltriazole)]~, for which already was concluded 
that a first bpy-based reduction is present.5 Second, the pK,(acid) 
measurements of HLO and HL3 indicated that the u-donor 
properties of LO- and L3- are stronger than those of bpy. Fur- 
thermore, the negative charge on the deprotonated pyrazinyl- 
triazole ligands makes it very likely that the first reduction is 
occuring at  the bpy ligand. Third, the rR measurements indicate 
that much more bpy character is present a t  the low-energy side 
of the MLCT band, indicating that, compared to the protonated 
species, the bpy-based T* level is lowered with respect to the A* 

level of the pyrazinyltriazole ligands. 
So, by comparison of UV-vis absorption and electrochemical 

data two categories of ruthenium bis(bipyridy1) pyrazinyltriazole 
complexes can be distinguished, in which the first reduction po- 
tential is either bpy based, as for deprotonated LO- and L3-, or 
pyrazinyltriazole based, as for the complexes with HLO, LI ,  L2, 
and HL3. 

As absorption is a d r  - ?F* process to the single MLCT state, 
and a relation between the energy difference in the 'MLCT and 
3MLCT states has been observed before for other ruthenium(I1) 

it is likely that the location of the emitting state for 
the pyrazinyltriazole-containing complexes is related to the nature 
of the 'MLCT state. Because the electrochemical and resonance 
Raman experiments revealed that the first reduction potentials 
of [ R ~ ( b p y ) ~ ( L ) ] ~ +  (L = HLO, L1, L2, and HL3) are pyrazi- 
nyltriazole based and the lowest MLCT band is a d* - n*(L) 
transition, it is very likely that the emission of the mixed-ligand 
complexes with HLO, L1, L2, and HL3 are pyrazinyltriazole 
based. Also the similar lifetimes and emission energies of [Ru- 
(L1)3]2+ and [ R ~ ( b p y ) ~ ( L ) ] ~ +  suggest that the emitting states in 
both complexes are the same and therefore LI based. 

Deprotonation of the complexes containing HLO and HL3 
causes a change in the nature of the MLCT band (more bpy 
character), and the first reduction potential is now bpy based. It 
is therefore anticipated that the emission originates from one of 
the bpy ligands and not from the L ligands. More detailed ex- 
periments are, however, necessary to fully reveal the emission 
properties of these complexes. 

As shown in Figure 5, a distinct relationship exists between the 
absorption/emission maxima and the difference in oxidation and 
reduction potentials for the pyrazinyltriazole complexes. Rela- 
tionships between the redox potentials and the absorption/emission 
maxima have been observed previously by different groups. The 
energy of absorption and emission MLCT transitions is related 
to the electrochemical potentials as given in eqs 2 and 3,3336*37 where 

huabs = A E l p  + A 

hvem = AE1/2 + B 

(2) 

(3) 

huiiba = absorption cnergy, hue" = emission energy, AE, , ,  = 
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e[EIl2(ox) - E,,2(red)], E, 2(0x) and EIl2(red) are the oxidation 
and reduction potentials or/the complex, and A and B are terms 
that correct for the solvation energies, inner- and outer-sphere 
barriers, and Coulombic energies. The relationship between the 
absorption/emission maxima and the electrochemical potentials 
shows that the redox and spectroscopic orbitals are the same. 

Protonation of the pyrazine ring causes a decrease in energy 
of the da-x* transitions. Reponance Raman measurements have 
revealed that the low-energy band at  530 nm belongs to a d r  - 
**(pyrazinyltriazole) transition, while the band at 400 nm is due 
to a d* - **(bpy) transition. Protonation of the free nitrogen 
in the pyrazine ring causes a stabilization of the ?r* orbitaL7 This 
will cause a more efficient s back-bonding from the ruthenium 
ion to the ligand. The electrochemical measurements indicate 
that after protonation of the pyrazine ring the ligand becomes a 
stronger *-acceptor2 and a weaker a-donor ligand. Less electron 
density is present on the ruthenium ion, and it is more difficult 
to oxidize the protonated complex. 

There are two possible explanations why no emission is observed 
for the complexes in sulfuric acid: the emission maxima were 
present a t  lower energy than could be measured with our equip- 
ment (800 nm was the low-energy limit) or the complexes with 
a protonated pyrazine ring do not emit a t  all. This is unlike 
ruthenium compounds with bipyrazine and tetraazaphenanthrene, 
which are still emitting compounds after p r ~ t o n a t i o n . ~ , ~  The 
weaker u-donor capacities of the protonated pyrazinyltriazole 
ligand cause a decrease in the ligand field strength, and a lower 
3MC state is expected. Therefore, a decrease in the quantum yield 
of the emission is ~ b s e r v e d . ~  

Conclusions. The electrochemical and spectroscopic data ob- 
tained for the ruthenium compounds containing the pyrazinyl- 
triazole ligands HLO, L1, L2, and HL3 clearly indicate that in 
the complexes the LUMO's of the pyrazinyltriazole ligands are 
lower than the LUMO of bpy. Upon deprotonation of the com- 
plexes with HLO and HL3, the LUMO of the compounds are now 
located on the bpy ligands. The emission data (energies and 
lifetimes) indicate that in [ R ~ ( b p y ) ~ ( L ) ] ~ +  ( L  = HLO, L1, L2, 
and HL3) the pyrazinyltriazole ligands are most likely involved 
in the emission process, whereas the emission of [Ru(b~y)~(LO-)l+ 

1991, 30, 54-58 

and [Ru(bpy)*(L3-)]' is bpy based. 
Up till now, two types of acid-base behavior have been described 

for ruthenium(I1) compounds. Class a compounds show a red 
shift of the absorption and emission maxima upon protonation 
of the coordinating ligands. Examples are ruthenium complexes 
with 2,2 ' -bipyra~ine,~ 2,3-bi~(2-pyridyl)pyrazine,~~ [4,7); 
phenanthrolino[ 5,6-b]pyra~ine,~~ and 1,4,5,8-tetraazaphenthrene. 
This red shift upon protonation of the ligands has been explained 
by stabilization of the T* orbital. 

The absorption and emission spectra of class b compounds are 
blue-shifted when protonated. Examples are Ru(bpy), complexes 
with i m i d a ~ o l e ~ ~ - ~ ~  pyrazole,I6 and 1 ,2,4-triazolesJ0 anions. Upon 
protonation of the ligands, less electron density is present a t  the 
metal center and therefore the filled d n  orbital is stabilized. This 
results in a larger energy difference between the d n  and the T* 

orbitals. 
A combination of above-mentioned effects is observed for the 

ruthenium complexes with the LO- and L3- ligands; when pro- 
tonated, the filled d* orbitals, as well as the ** level of the 
pyrazinyltriazole ligand, are lowered. After protonation, the 
pyrazinyltriazole .rr* orbital becomes just lower than the ** orbital 
of bpy. Therefore, a combination of a higher oxidation potential 
and a less negative reduction potential is observed. This causes 
a rather small energy difference between the protonated and 
deprotonated species, which is reflected in the energies of the 
absorption and emission spectra of the protonated and depro- 
tonated complexes. 
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Interaction Energies Associated with Short Intermolecular Contacts of C-H Bonds. 1.  
Ab Initio Computational Study of C-H-aAnion Interactions, C-H--X- (X- = 13-, IBr2-, 
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The nature of the C-H-anion contact interactions found for organic charge-transfer salts was investigated by performing SCF-MO 
and MP2 level calculations on the model systems H,C-H.-Y-I-Y- (Y = I ,  Br, CI). The binding energies of the H,C-H-Y-I-Y- 
systems are estimated to be 1 . I ,  1.3, ad 1.6 kcal/mol for Y = I ,  Br, and CI, respectively. The binding energy increase, observed 
when Y varies from I to Br to CI, is consistent with the expected hydrogen-bonding abilities of the halogen atoms. The C-H bond 
prcfcrs to make a short contact with the terminal halogen atoms of Y-I-Y-; this tendency increases as Y changes from I to Br 
10 CI, and the C-He-Y-I-Y- interaction energies do not strongly depend upon the  C-He-Y contact angle. 

Organic donor molecules bis(ethy1enedithio)tetrathiafulvalene 
(BEDT-TTF, 1) and its analogues form 2:1 charge-transfer salts 
with a varicty of monovalent anions X-~I Several BEDT-TTF 

(BEDT-TTF),X (X- = 13-* Au12-, and IBr2-, for which the su- 
salts are ambient-pressure superconductors, which include p- H 
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perconducting transition temperature T, = I .4,2 5.0,3 and 2.8 K,4 
respectively) and K-(BEDT-TTF)~X (X- = Cu(NCS)?- and 13-, 

0020- I669/91/ 1330-0054$02.50/0 0 1991 American Chemical Society 


