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different from that of pure DMF. Consequently, the measured 
chemical shifts were corrected for only the bulk diamagnetic 
susceptibility of DMF. The results of this study are also given 
in Table 11. 

The observed formation constants, together with those of Shih" 
for K+ (log KK+.18C6 = 2.70 f 0.04) Rounaghi21 for TI+ (log 
KTI+.18c6 = 3.35 f 0.06), yield the selectivity series 

La3+, Ca2+ < Ni2+ < Na+ < Mg2+ < K+ < Sr2+ < T1' < 
Pb2+ < Cs+ < Ba2+ 

Neglecting, for the moment, La3+, Caz+, and Ni2+, the trends 
indicate that, as the size of the cation increases, along a set of 
cations with the same charge, the formation constants increase, 
probably due to the decreasing solvation as the cation gets larger; 
as the charge increases for a given size of the cation, the formation 
constant increases, due to the increase of the ion-dipole inter- 
actions. 

The formation constant for the La3+ complex seems to be quite 
low, most likely due to strong ion pairing with the nitrate ion, 
which does not preclude the formation of a La3+.18C6 complex 
but can reduce the relative amount of complex formed so much 
that it becomes impossible to measure accurately the formation 
constant without the knowledge of the extent of ion pairing. The 
low value for the formation constant for Niz+ is explainable in 
terms of the geometry Ni2+ prefers for its complexes, which is 
octahedral. Because 18C6 is poorly suited to this geometry, the 
formation constant is fairly small. 

At this time we have no explanation for the low formation 
constant for Ca2+. It is still interesting to note that this type of 
behavior for Ca2+ has been seen before in waterz2 and in 70:30 
methanol/water  mixture^.'^ 
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Conclusions 
The competitive N M R  method described above can be used 

to extend the applicability of the NMR technique to cations whose 
formation constants cannot be measured directly by this technique. 
Furthermore, this new competitive method allows the determi- 
nation of formation constants that are greater than lo5, and in 
principle, it should be possible to measure uery large formation 
constants by the repeated application of the competitive technique 
with each succeeding formation constant becoming larger than 
the former one. In addition, this method can be used to determine 
the formation constants for some paramagnetic cation complexes. 

Of course any technique has limitations, and this competitive 
technique is no exception. The need to be able to dissolve two 
cations with a common anion in a given solvent places restrictions 
on the systems that may be investigated. In order to determine 
the sought formation constants, there must be a known value 
within approximately 4 or 5 orders of magnitude and one of the 
cations must be suitable to the N M R  technique. Because the 
uncertainty of the determined formation constant will be greater 
(on a percentage basis) than the uncertainty of the previously 
known formation constant, repeated application of the competition 
method will result in uncertainties that, eventually, would become 
excessively large. Finally, the probe nucleus must be in a fast 
exchange on the NMR time scale. At this time it appears doubtful 
that this technique can be applied generally to cryptates where, 
very often, the exchange is slow at  room temperature. Further 
studies of the advantages and the limitations of this technique are 
being continued in our laboratory. 
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Materials, Active and Inactive Photosensitizers for H2 Production in Aqueous 
Suspension 
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Diffuse-reflectance and emission behavior are used to characterize the lowest excited state of the following [Pt'1]2+[Pt'1]2- double 
salts and in some cases their hydrates: [Pt(NH3)4] [PtCI,] (MGS), [Pt(bpy),] [PtCI,] (PB(C1); bpy = 2,2'-bipyridine), [Pt- 
(bpy)(MHB)][PtCI,] (PHB(C1); MHB = 4-methyl-4'-heptyl-2,2'-bipyridine), [Pt(bpy),][Pt(CN),] (PBC), and [Pt(bpy)- 
(MHB)] [Pt(CN),] (PHBC). All of the salts containing the PtC12- anion have lowest excited states of the ligand field type. In 
green MGS, where metal-metal interaction is significant, no emission occurs, but in yellow PB(C1)-2.5H20 and PHB(CI), where 
interaction is weak, emission characteristic of PtC12- is observed. In orange PBC.2H20 and PHBC.2.SH20 and their red 
anhydrates, the lowest excited state is assigned as a delocalized 'Pt(5dzz-6p,) state. Both salts exhibit strong emission (in PBC 
powder a t  room temperature, the emission quantum yield is 0.002 * 0.001 and the lifetime is 16.8 f 2.5 ns), which overlaps well 
with an intense visible absorption band. PBC and PHBC powders are active as photosensitizers for the reduction of water in EDTA 
solutions. In the presence of Pt(0) catalyst, H2 production is sustained at  a constant rate to > 1  turnover with respect to 
photosensitizer, with no evidence for photosensitizer degradation. In the absence of Pt(O), PBC produces H2  at a constant rate 
that is less than 1% of the rate in the presence of Pt(O), but again, without degradation. MGS, PB(CI), and PHB(C1) are photoinert 
and completely inactive as photosensitizers in this reaction. These results are interpreted in terms of the cooperative excited-state 
structure of these materials. 

Introduction 
The photosensitized reduction of water has been a subject of 

intensive research in the last several years,' due largely to the 
worldwide interest in solar energy conversion. Since the discovery 

'Present address: Corporate Technology Division, Allied Corp., Morris- 
town. NJ 07960. 
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of electron-transfer quenching of excited Ru(bpy)32+ (bpy = 
2,2'-bipyridine) in aqueous solution 12 years ago,2 there has been 

(1) (a) Gratzel, M., Ed. "Energy Resources Through Photochemistry and 
Catalysis"; Academic Press: New York, 1983. (b) Hamman, A., West, 
M. A,, Eds. "Photogeneration of Hydrogen"; Academic Press: London, 
1983. (e) Heller, A. Science (Washington, D.C.) 1984, 233, 1141. (d) 
J .  Photochem. 1985, 29 (1-2)~ 

(2) Gafney, H. D.; Adamson, A. W. J .  Am. Chem. SOC. 1972, 94, 8238. 
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considerable research in the area of inorganic complexes as redox 
photosensitizers, both in homogeneous solution3 and at electrode4 
and microheterogeneousS interfaces. As part of our continuing 
investigation of photoinitiated water reduction by microhetero- 
geneous systems in aqueous solution,6 we have recently focused 
our attention on water-insoluble materials composed of linear-chain 
metal complexes, as possible photocatalysts. Because of the 
metal-metal interaction in these materials, cooperative phenom- 
ena' such as high-temperature superconductivity and semicon- 
ductivity have long been predicted. Of interest to us was the 
possibility that some of these materials might possess a conduction 
band or cooperative excited-state structure that would facilitate 
multielectron redox reactions such as the reduction of water a t  
the solid-liquid interface. We wish to report here the first example 
of the application of Magnus-type [Pt11]2+[Pt11]Z- double salts as 
particulate photosensitizers for water reduction. 

Experimental Section 
Preparation of Complexes and Double Salts. High-purity K2PtC14, 

K2Pt(CN),, and [Pt(NH3)4]C12 were used as received from Strem 
Chemicals. [Pt(bpy)2](C104)2 was synthesized from K2PtCI4 via the 
isolated intermediate Pt(bpy)C12 according to a published procedures and 
washed repeatedly with toluene to remove excess ligand. The surfactant 
analogue [Pt(bpy)(MHB)](C104)2. where MHB = 4-methyl-4'-heptyl- 
2,2'-bipyridine? was synthesized from Pt(bpy)CI2 by the same procedures 
and was also washed repeatedly with toluene before use. 

M) aqueous 
solution of the appropriate cationic complex with a dilute aqueous solu- 
tion containing an equal number of moles of the desired anionic complex. 
Following immediate precipitation of the double salt, the mixtures were 
centrifuged and decanted and the precipitate washed several times to 
remove soluble counterions. Solids were dried in air and, in some cases, 
desiccated further under vacuum to produce anhydrous powders. The 
materials listed below were characterized by elemental analysis and 
diffuse reflectance. A summary of the acronyms assigned to the com- 
plexes may be found in Table I. 

Double salts were prepared by mixing a dilute 

(a) Creutz, C.; Sutin, N. Pure Appl. Chem. 1980,52,2717-2738 and 
references therein. (b) Kalyanasundaram, K. Cmrd. Chem. Rev. 1982, 
46. 159. 
(a) Gleria, M.; Memming, R. 2. Phys. Chem. (Munich) 1975,98,303. 
(b) Clark, W. D. K.; Sutin, N. J.  Am. Chem. SOC. 1977,99,4676. (c) 
Phillips, J.; Koningstein, J. A.; Langford, C. H.; Sasseville, R. J .  Phys. 
Chem. 1978,82,623. (d) Ghosh, P. K.; Spiro, T. G. J. Am. Chem. Soc. 
1980, 102, 5543. (e) Haas, 0.; Muller, N.; Gerischer, H. Electrochim. 
Acta 1982, 27, 991. (0 Vante, N. A.; Ern, V.; Chartier, P.; Dietrich- 
Buchecker, C. 0.; McMillan, D. R.; Mamot, P. A.; Sauvage, J. P. Nouu. 
J .  Chim. 1983, 7, 3. 
(a) Kalyanasundaram, K. Chem. SOC. Reu. 1978, 7, 453. (b) Gritzel, 
M. Acc. Chem. Res. 1981, 14, 376. (c) Atik, S.; Thomas, J. K. J .  Am.  
Chem. SOC. 1981,103,7403. (d) Degani, Y.; Willner, I. J.  Am. Chem. 
SOC. 1983, 105, 6228. 
(a) Houlding, V. H.; Gritzel, M. J .  Am.  Chem. SOC. 1983, 105, 5695. 
(b) Gritzel, M.; Frank, A. J. J.  Phys. Chem. 1982,86,2964. (c) Frank, 
A. J.;  Stevenson, K. L. J .  Chem. SOC., Chem. Commun. 1981, 593. 
(a) Interrante, L., Ed. 'Extended Interactions between Metal Ions"; 
American Chemical Society: Washington, DC, 1974. (b) Keller, H. 
J., Ed. "Low Dimensional Cooperative Phenomena"; Plenum Press: 
New York, 1975. (c) Keller, H. J., Ed. "Chemistry and Physics of 
One-Dimensional Metals"; Plenum Press: New York, 1977. (d) Miller, 
J. S., Ed. "Extended Linear Chain Compounds"; Plenum Press: New 
York, 1982. 
Morgan, G. T.; Burstall, F. H. J .  Chem. SOC. 1934, 965. 
The procedure used to synthesize 4-methyl-4'-alkyl-2,2'-bipyridines has 
not to our knowledge been previously published and is much simpler 
than the standard method.l0 To make MHB, 0.05 mol of n-butyllithium 
(1.6 M in hexane, Aldrich) was reacted with 0.05 mol of diisopropyl- 
amine (Aldrich, dried over molecular sieves) under an inert atmosphere 
in a 500-mL three-neck flask with stirring. A 300-mL amount of dry 
degassed THF was added via dropping funnel, and the flask was cooled 
in a dry ice/acetone bath. A 0.05-mol portion of 4,4'-dimethyl-2,2'- 
bipyridine was added via a side arm, and the stirred mixture was very 
slowly warmed to room temperature, forming the dark anion. A 0.05- 
mol amount of n-bromohexane was added via syringe, and the color 
bleached as the product formed. The mixture was washed with water 
and then stripped to dryness via rotary evaporation. MHB was re- 
crystallized from hexane and characterized by NMR.'O Other alkyl- 
bipyridines can be obtained by using the appropriate C,' bromoalkane. 
Yields are typically quantitative if fresh starting materials are used and 
reaction conditions are dry. 
Johansen, 0.; Kowala, C.; Mau, A. W.-H.; Sasse, W. H. F. Aust. J .  
Chem. 1979, 32, 1453-1470. 
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[Pt(NHj)4YPtC14] (Magnus' green salt, MGS): light green powder, 
A,,, = 600 nm. Anal. Calcd for the anhydrate: H,  2.02; N ,  9.34; CI, 
23.68. Found: H ,  2.14; N ,  9.26; CI, 24.22. 

[Pt(bpy)2LPtC14]-2.5H20 (PB(C1)): yellow powder, A,,, < 350, Ash 
= 400 nm. Anal. Calcd for the 2.5 hydrate: C, 26.81; H,  2.14; N, 6.27; 
CI, 15.18. Found: C, 26.78; H,  2.11; N, 6.25; CI, 14.94. 

[Pt(bpy)(MHB)IPtCl,] (PHB(C1)): yellow powder, Amar < 350 nm, 
Ash = 400 nm. Anal. Calcd for the anhydrate: C,  35.16; H ,  3.37; N ,  
5.86; CI, 14.82. Found: C, 34.74; H,  3.22; N, 5.95; CI, 14.57. 

[Pt(bpy)2][Pt(CN)4)2H20 (PBC): deep orange powder, A,,, = 485 
nm. Anal. Calcd for the dihydrate: C, 32.80; H, 2.30; N ,  12.75. Found: 
C, 32.68; H,  2.75; N ,  12.70. By using dilute monomer solutions, it was 
sometimes possible to obtain colloidal PBC, which was then separated 
from precipitate by centrifugation and which remained stable for several 
hours. The addition of nonionic stabilizing polymers failed to prevent 
eventual precipitation of the colloids. 

[Pt(bpy)(MHB)lPt(CN),1.3H2O (PHBC): deep orange powder, A,, 
= 480 nm. Anal. Calcd for the trihydrate: C, 39.51; H,  3.62; N, 11.52. 
Found: C, 38.48; H, 3.48; N, 11.49. 

Attempts to synthesize [Pt(NH3)4] [Pt(CN),] by precipitation resulted 
in a white material that was analyzed as Pt(NH,),(CN),(KCI), after 
repeated centrifugation and washing. This material was slightly water 
soluble, and emission data closely resembled the emission of anhydrous 
K2Pt(CN), (Strem, dried under vacuum until yellow)." We doubt that 
this is a true Pt(I1) double salt but suspect it is a coprecipitate of both 
monomer salts caused by a simple salting-out effect. 

Photophysical Measurements. Diffuse-reflectance spectra were mea- 
sured on a Cary 17D spectrophotometer with a MgO integrating sphere 
attachment. Emission and excitation spectra were measured on a Spex 
Fluorolog spectrometer. Excitation spectra were internally corrected 
relative to a standard quantum counter, and emission spectra were cor- 
rected by the method of Parker and Rees.'* The emission quantum yield 
of PBC powder was determined by the method of Wrighton et al.13 
Emission lifetimes and some emission spectra were determined by Carl 
Craig and Professor Richard Watts at the University of California, Santa 
Barbara, CA, using a laser apparatus described e1~ewhere.l~ The 
room-temperature lifetimes of hydrous and anhydrous PBC were mea- 
sured with a Photochemical Research Associate Model 3000 single- 
photon-lifetime apparatus and deconvoluted by computer with the pro- 
gram supplied with the instrument. 

Photochemical H2 Production. Five-milliliter samples containing 2 
g/L of double salt, 0.05 M EDTA (pH 4.7), and in some cases 10 mg/L 
Pt(0) catalyst were sealed in 10" Wheaton serum vials, sonicated 
briefly to disperse the double-salt particles and to complete precipitation 
of Pt sol onto the particle surfaces, and degassed with argon. Up to eight 
samples, vigorously stirred, were photolyzed simultaneously in a ther- 
mostated merry-go-round apparatus.I6 The photolysis source was an 
Osram 150-W Xe lamp run at  140 W and fitted with a 420-nm cutoff 
filter to remove near-UV radiation. Typically, 1.1 W of light was de- 
livered to the merry-go-round apparatus. H2 was sampled periodically 
by syringe with use of a Varian 3700 gas chromatograph equipped with 
a molecular sieve column and argon carrier gas. After prolonged'(348 
h) irradiation, samples were centrifuged and the supernatant was evap- 
orated. The supernatant residue was analyzed for degradation products 
of the double salt by atomic absorption (Pt) and infrared spectroscopy 
(ligands, Pt complexes). 

Results and Discussion 
The Pt(I1) double salts in this study show remarkable differ- 

ences in absorption and emission characteristics and in photo- 
sensitizing ability. These results are summarized in Table I. Using 
spectroscopic and photophysical data, it is possible to relate the 
differences in photochemical behavior of these materials to dif- 
ferences in electronic structure and to establish criteria for pho- 
tosensitizing ability based upon cooperative excited-state behavior. 

Photochemical H2 Production. Of the double salts examined 
in a sacrificial water reduction system, only PBC and its analogue 

Thomas, T. W.; Underhill, A. E. Chem. SOC. Reu. 1972, 1, 100 and 
references therein. 
Parker, C. A,; Rees, W. T. Analyst (London) 1960, 85, 587-600. 
Wrighton, M. S.; Ginley, D. S.; Morse, D. L. J .  Phys. Chem. 1973, 78, 
2229. 
(a) Watts, R. J.; Brown, M. J.; Griffith, B. C.; Harrington, J. S .  J .  Am. 
Chem. SOC. 1978, 97, 6029. (b) Bergkamp, M. A.; Watts, R. J.; Ford, 
P. C. J .  Phys. Chem. 1981, 85, 684. 
The Pt(0) sol was prepared as described in ref 6c. No protective . .  
polymer was used. 
Houlding, V. H.; Geiger, T.; Kolle, U.; Gritzel, M. J .  Chem. Soc., 
Chem. Commun. 1982, 681. 
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Table I. PhotoDhvsical Data for PtUI) Double Salts 
diffuse 

hydration reflectance emission A,,,, nm emission excited-state 
double salt acronym no. ~ m a m  nm (Acxcitation, nm)' lifetime, f isa assigntb 

[Pt(NH3)4] [PtCI4I MGS 0 600 none If (PtCI,Z-) 
[ P t ( b ~ ~ ) i l  [P tCU PB(CI) 2.5 *350, 400 sh 750 (400)< If (PtC1,2-) 

PB(Cl)d 0' red 900 (356)' 13f If (PtC1,2-) 

[Pt(bPY)(MHB)] [PtC141 PHB(CI) 0 <350, 400 sh 745 (400)' If (PtCI,Z-) 
[ P t ( b ~ ~ ) i l  [Pt(CN),I PBC 2 485 570 (485)' 0.0168 Wd-P)  

PBC 0' 515 610 (515)' 0.0185 Wd-P)  
[Pt(bpy)(MHB)I [Pt(CN),I PHBC 3 480 575 (480)< Wd-P) 

PHBC 0' 495 620 (515) Pt(d-p) 

771 (356)'g 70.@8 

'Measurements a t  room temperature unless otherwise noted. bLegend: If = ligand field; Pt(d-p) = Pt(5d,z - 6p,). CEmission maximum checked 
to be independent of excitation wavelength. dProduced from violet precipitate; see text. e Produced by vacuum desiccation of hydrate. /Data 
provided by C. Craig and R. J. Watts. gliquid-nitrogen temperature. 

PHBC proved active as photosensitizers. In the presence of Pt(0) 
catalyst, both salts photosensitized the production of H, from water 
a t  a constant rate of -100 nmol/h after a -15-min induction 
period.I7 The rate of H2 evolution remained constant for over 
48 h, corresponding to turnover numbers of 1.2 for PBC and 1.1 
for PHBC. Both turnover numbers, defined as (moles of Hz)/ 
(moles of photosensitizer), represent lower limits as their calcu- 
lations are based on the total amounts of bulk photosensitizer 
rather than active surface material. After 48 h of photolysis, no 
CN-, bipyridine, Pt, or Pt complexes were detected in the su- 
pernatant, ruling out photodegradation of the surface. Photo- 
degradation involving the production of insoluble species is unlikely 
as any buildup of degradative products on the surface of the 
particles would be expected to alter the rate of H2 production via 
catalyst poisoning or surface passivation. No change was, however, 
observed in the rates of Hz evolution. In the case of PBC, pho- 
tolysis in the absence of Pt(0) catalyst produced H,, but at a rate 
of less than 1 nmol/h. Again, no degradation products were 
detected after prolonged irradiation, although the photolysis was 
only continued to a turnover of a few percent with respect to PBC. 
The marked state enhancement of Hz production in the presence 
of Pt(0) catalyst is typical for photoconversion systems.' The 
catalyst provides low-activation-energy pathways for intermediates 
leading to H, formation. 

The double salts MGS, PB(Cl), and PHB(C1) were completely 
photoinert to visible irradiation with or without Pt(0) catalyst. 
Neither Hz nor photodegradation was evident after 48 h of ir- 
radiation. 

Excited-State Characterization. Changes in monomer ab- 
sorption spectra upon crystallization or double-salt formation, 
along with strong optical dichroism, have long been used as criteria 
for one-dimensional metal-metal interaction in linear-chain ma- 
terials' and have been used to postulate such interaction in ma- 
terials for which no crystal structure data are available.l* In the 
case of Pt(I1) haloamines, where the relatively weak ligand field 
exerted by C1- causes ligand field transitions to occur in the visible 
and near-UV regions, detailed single-crystal s p e c t r o s ~ o p y ~ ~  has 

shown a pronounced effect of the Pt-Pt spacing upon d - d 
transitions in linear-chain materials. Much greater effects have 
been observed in the intense charge-transfer and d - p transitions 
of many linear-chain materials,,O with red shifts of well over 10000 
cm-I being typical for transitions polarized along the chain. The 
red shift of allowed transitions caused by metal-metal interaction 
has been well characterized in several spectroscopic studies of 
discrete square-planar dimers.21 For many square-planar d8 
complexes,22 increasing red shifts of allowed d8 transitions occur 
upon oligomerization to dimers, trimers, tetramers, and extend- 
ed-chain solids, providing direct evidence for delocalization of these 
excited states along the metal-metal chain. 

MGS. MGS is the best characterized linear-chain double salt, 
since knowledge of its crystal structurez3 has allowed correlation 
of physical structure and spectroscopic properties. The Pt-Pt 
spacing along the chain is 3.24 A, and the resulting metal-metal 
interaction causes a red shift of -4000 cm-' of a d - d transition 
of PtC142-24 to 600 nm (16 700 cm-l) in the spectrum of MGS. 
In comparison with the d - d transition, an even greater red shift 
is observed for the Pt(d,z - p,) transition,20 which occurs at 280 
nm (34 500 cm-1)25 in MGS, 215 nm (46 300 cm-1)26 in PtC142-, 
and 196 nm (50950 cm-1)27 in Pt(NH3)42+. The energy of the 
Pt(d,2 - p,) transition is quite sensitive to metal-metal interaction 
in Pt(I1) crystals. In KzPtC14 and other Pt-chain crystals where 
no appreciable interaction occurs19 (4-4.1-8, Pt-Pt spacing), the 
energy of the d - p transition is essentially that of a monomer. 
In [Pt(H2Pz0,)4]4- dimers, a Pt-Pt spacing of only 2.925 AZ8 
results in a d - p transition energy of 368 nm (27 200 
Thus, MGS may be thought of as an intermediate case in the 
range of possible metal-metal interactions. 

We observe no emission from MGS, at either room temperature 
or 77 K, for excitation wavelengths in the range of 248-600 nm. 
Since the lowest excited states are perturbed ligand field states 
derived from PtC142-, weak long-lived emission corresponding to 
a spin- and Laporte-forbidden transition might be expected. 
K,PtCl, exhibits such emission,29 but Pt(NH3)42+ does not, 

~ ~ ~~ 

(17) As a rough comparison, this rate is about 5% of the initial rate for H, 
production, under similar conditions, by the model photoconversion 
system containing lo-, M Ru(bpy),2+ sensitizer, 5 X M methyl- 
viologen electron relay, 0.05 M EDTA sacrificial electron donor, and 
10 mg/L Pt(0) sol catalyst. (For details of several comparable systems, 
see: Butler, C. D.; Houlding, V. H.; Frank, A. J.  submitted for pub- 
lication in J .  Phys. Chem.) In the model system, the catalytic Pt sol 
is quickly deactivated unless stabilized against aggregation by protective 
polymers. Such protective polymers reduce the activity of the catalyst 
and often affect adversely the reproducibility of the rate of catalysis. 
In the case of PBC and PHBC, the quantum efficiency for H2 pro- 
duction has not been determined as the molar concentration of particles 
and hence their absorption cross section are not readily measurable. 
Without quantum efficiency data, it is difficult to make meaningful 
comparisons between the PBC or the PHBC system and other photo- 
conversion systems that generate H2 from water. 

(18) (a) Bielli, E.: Gidney, P. M.; Gillard, R. D.; Heaton, B. T. J .  Chem. 
SOC., Dalton Trans. 1974, 2133. (b) Little, W. A.; Lorentz, R. Inorg. 
Chim. Acta 1976, 18, 273. (c) Kiernan, P. M.; Ludi, A. J.  Chem. Soc., 
Dalton Trans. 1978, 1127. (d) Chassot, L.; von Zelewsky, A. Helu. 
Chim. Acta 1983, 66, 2443. 

(19) Martin, D. S., Jr. Reference 7a, Chapter 18. 
(20) Anex, B. Reference 7a, Chapter 19. 
(21) (a) Fordyce, W. A,; Brummer, J. G.; Crosby, G. A. J .  Am. Chem. SOC. 

1981,103,7061. (b) Rice, S. F.; Gray, H. B. J .  Am. Chem. SOC. 1983, 
105,4571. (c) Rice, S. F.; Gray, H. B.  J .  Am. Chem. SOC. 1981,103, 
1593. 

(22) (a) Balch, A. L. References 7d, Chapter 1, and references therein. (b) 
Schindler, J .  W.; Fukuda, R. C.; Adamson, A. W. J .  Am. Chem. SOC. 
1982, 104, 3596. 

(23) Atoji, M.; Richardson, J. W.; Rundle, R. E. J .  Am. Chem. SOC. 1957, 
79, 3017. 

(24) Martin, D. S., Jr.; Rush, M. R.; Kroenig, R. F.; Fanwick, P. E. Inorg. 
Chem. 1973, 12, 301 and references therein. 

(25) Anex, B. G.; Ross, M. E.; Hedgecock, M. W. J .  Chem. Phys. 1967.46, 
1090. 

(26) Anex, B. G.; Takeuchi, N.  J .  Am. Chem. SOC. 1974, 96, 4411. 
(27) Isci, H.; Mason, W. R. Inorg. Nucl. Chem. Lett. 1972, 8, 885. 
(28) Sperline, R. P.; Dickson, M. K.; Roundhill, D. M. J.  Chem. SOC., Chem. 

Commun. 1977, 62. 
(29) This type of lattice structure is often seen in Pt(I1) complex crystals. 

See, for example: Chassot, L.; Miiller, E.; von Zelewsky, A. Inorg. 
Chem. 1984, 23, 4249. 
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Figure 1. Absorption and emission spectra of PBC: (a) diffuse reflec- 
tance of PBC.2H20 powder; (b) absorption of optically transparent 
colloidal PBC in water separated from the powder by centrifugation; (c) 
diffuse reflectance of anhydrous PBC powder; (d) corrected emission of 
PBC.2H20 powder; (e) corrected emission of anhydrous PBC powder. 

probably as a result of vibrational deactivation by N-H stretching 
modes. Quenching of PtC1,’- emission in MGS might occur via 
a similar mechanism. The lack of emission upon excitation into 
the d - p absorption band shows that coupling between this 
excited state and the lower energy ligand field states is strong 
enough to preclude upper-excited-state emission, a result that is 
not surprising. 

PB(C1) and PHB(C1). In these yellow double salts of Pt bi- 
pyridines with PtCl,2-, the diffuse-reflectance spectra are different 
from that which would be produced by the simple superposition 
of the spectra of the pale yellow cations and pale pink anion. 
However, no appreciable red shift of PtC1,’- d - d transitions 
can be seen. Upon excitation in the range of 250-550 nm, 
PHB(C1) a t  room temperature and PB(C1) at  77 K exhibit ex- 
tremely weak emission at ca. 750 nm (12 500 cm-’), which is the 
d - d emission’O maximum of K’PtCl, a t  room temperature; 
perchlorate salts of Pt(bpy),’+ and Pt(bpy)(MHB)*+ were no- 
nemissive at  room temperature. From these observations, it can 
be reasonably inferred that little or no metal-metal interaction 
is present in these materials. Desiccation or heating did not 
produce a red color in either salt, contrary to previous reports for 
PB(C1).8 It is important to note that we once observed a brilliant 
violet precipitate in preparing PB(Cl), which became red upon 
drying. Elemental analysis was consistent with formulation of 
the red material as anhydrous PB(C1). This phenomenon could 
not be repeated, but it is clear evidence for the existence of more 
than one crystalline form of PB(C1). The absorption and emission 
characteristics of this material are listed in Table I. From the 
long emission lifetime, large Stokes shift, and very low intensity, 
we assign the emitting states as ligand field. 

PBC and PHBC. The absorption and emission characteristics 
of these double salts of Pt(bpy)22+ and Pt(bpy)(MHB)’+ with 
Pt(CN)?- present a marked contrast to those of the double salts 
discussed above. The dehydrated forms are orange, due to an 
intense asymmetric absorption band at 485 nm (20600 cm-I) in 
PBC and 480 nm (20 800 cm-I) in PHBC. Each salt exhibits a 
strong emission band at  room temperature, which overlaps well 
with the absorption band (see Table I, Figure 1). Intense visible 
absorption has been previously reportedIsb for double salts of 
Pt(bpy),2+ and Pt(o-phen)22+ (0-phen = o-phenanthroline) with 
various Pt(I1) anions. Considering the strong ligand fields of the 
constituent monomers of PBC and PHBC, it is unlikely that the 
emission is from a ligand field state, and analysis of the emission 
parameters of PBC rules out this assignment entirely. We 
measured an emission quantum yield of 0.002 f 0.001 for PBC 

(30) Fleischauer, P. D.; Fleishauer, P. Chem. Rev. 1970, 70, 199. 
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at  room temperature. Lifetime measurements yielded a value of 
T = 16.8 f 2.5 ns a t  20 OC, allowing a calculation of the radiative 
lifetime k,  = 4 / ~  = 1.2 X los s-l. A very small emission com- 
ponent with a lifetime 61 ns was also observed but could not be 
satisfactorily resolved due to its low intensity. We assign, re- 
spectively, the short- and long-lived emissions to the spin-allowed 
and spin-forbidden components of an allowed transition, most likely 
R(p, - ds).m*zl The large magnitude of k, rules out the possibility 
that the spin-forbidden emission is also Laporte forbidden, Le., 
ligand field in origin. 

Upon dehydration of PBC to its anhydrous form, a red shift 
of the d - p transition occurs, from 485 nm (20 600 cm-I) to 5 15 
nm (19 400 cm-I), paralleled by a shift in the room-temperature 
emission maximum from 570 nm (1 7 540 cm-I) to 6 10 nm ( 16 400 
cm-’) (Figure 1). This red shift is consistent with a decrease of 
the metal-metal distance in the material upon removal of water. 
Interestingly, the emission lifetime of the red anhydrous PBC is 
18.5 f 0.5 ns at room temperature, essentially unchanged from 
that of the hydrated material. The lifetime of anhydrous PBC 
increases to 696.5 f 0.5 ns a t  77 K, further evidence that the 
emission is phosphorescence. It is worthy of note that laser in- 
terrogation of PBC caused in situ dehydration of the material to 
the red form and sometimes produced a red shift of emission to 
as low as 650 nm (15 400 cm-I). The cause of the additional red 
shift is not known, but it may be due to local melting of the crystal, 
causing further compression along the metal-metal axis. 

One possibility is that the intense transition in PBC and PHBC 
is due to discrete dimers within the crystal lattice,29 and not to 
an extended-chain structure. Certainly, strong metal-metal in- 
teraction in d8 dimers is known to cause extreme red shifts of metal 
axis-polarized d - p transitions.’I Several points argue in favor 
of an extended-chain structure, however. First, an extremely short 
R-Pt distance would be necessary to produce the observed energy 
of the d - p transition in PBC and PHBC, if only dimers were 
involved. Second, dehydration of the lattice produced a large red 
shift of emission and absorption in PBC, a typical observation of 
hydrated-chain structures. Finally, it was observed in elegant work 
by Isci and Mason3’ that some [Pt(CNR),] [Pt(CN),] double salts 
formed ion pairs in aqueous solution with intense absorption 
features in the near-UV region. These bands were red shifted 
considerably with respect to monomer absorption due to dimer- 
ization. In the solid, the transitions were further red shifted into 
the visible region at  energies comparable to those of PBC and 
PHBC. Therefore, in the absence of crystal structure data, we 
favor the description of PBC and PHBC as linear-chain materials. 
Concluding Remarks 

Photosensitization of the reduction of water by the Pt(I1) double 
salts studied here is dependent upon the type of excited state 
involved in the redox process. We have shown that the chain-axis 
delocalized 3Pt(d - p) states of PBC and PHBC are photoactive 
whereas the ligand field states of other materials are not, even 
when they are long lived (as in the case of PB(C1)) or when 
significant metal-metal interaction is present (as in the case of 
MGS). These results support the conclusion of otherslg that ligand 
field states in linear-chain material are not appreciably delocalized 
by metal-metal interactions. 

Two electronic structural effects are probably responsible in 
large part for the observed photosensitizing ability of PBC and 
PHBC upon visible irradiation. First, cooperative interaction by 
the Pt atoms along the chain lower the energy of the d - p excited 
states into the visible region of the spectrum and may also cause 
significant mobility of excitation energy in the form of an exciton 
or even an uncorrelated electron-hole pair. Second, strong ligand 
fields in the constituent monomer ions serve to raise the energy 
of the ligand field states above that of the d - p states. Our 
emission results show that deactivation of directly excited d - 
p states by lower energy ligand field states is a fairly efficient 
process, and this conversion process competes strongly with redox 
photosensitization from upper excited states of d - p type. By 

(31) Isci, H.; Mason, W. R. Inorg. Chem. 1974, 13, 1175. 
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an increase in the energy of ligand field states, this nonproductive 
deactivation channel is removed and the efficiency of photosen- 
sitization is greatly increased. 
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are currently attempting to grow large single crystals of PBC in 
order to study the photoconductivity and other electrical properties 
of this material. - -  

Using these two criteria, it should be possible to design many 
Magnus-type materials that will be photoactive. Whether pho- 
toactivity is merely a result of light absorbed by surface chro- 
mophores or whether cooperative electronic structure allows 
transfer of excitons (or perhaps conduction-band electrons) from 
the bulk to the surface is a question of central importance to the 
study of these materials. From a theoretical viewpoint3* it is very 
likely that some variation of an exciton model applies to the d - p states of ds linear-chain materials, and therefore bulk ex- 
citation is mobile. This study demonstrates that excitation can 
be harvested at the solid-liquid interface in redox processes. We 

(32) Day, P. Reference 7c, Chapter 7. 
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Ethynylsulfur pentafluoride, SF5C=CH, has been prepared by the dehydrobromination of SF&H=CFBr (49%). It also can 
be obtained in a four-step process by the addition of SF5Br to acetylene, followed by bromination of the resulting olefin, SF5C- 
H=CHBr, to form SF5CHBrCHBr2, which may be dehydrobrominated with K2C03 to give SF5CBr=CHBr. The latter, when 
treated with Zn, gives SF5C=CH in an overall yield of 9%. 

Introduction 
It is known that the introduction of SF5 groups into molecular 

systems can bring about significant changes in their physical, 
chemical, and biological properties. These properties are man- 
ifested by various applications, such as solvents for polymers, as 
perfluorinated blood substitutes, as surface-active agents, as fu- 
migants, and as thermally and chemically stable systems.] The 
synthesis and chemistry of these compounds are the subjects of 
ongoing studies. One compound of particular interest is ethy- 
nylsulfur pentafluoride (SF5C=CH) which has been used as the 
starting reagent for a number of novel and interesting derivatives 
that include saturated ethers, vinyl ethers, pyrazoles, cyclic alkenes, 
and alkyl-substituted phenylsulfur pentafluorides2 In addition, 
SF5C=CH is found to be useful in preparing a number of 
SF5-containing alkenes and  alkyne^.^^^ 
Results and Discussion 

The original synthesis of S F 5 G S H  involves four steps, starting 
with pentafluorosulfur chloride (SF,Cl) and acetylene.2 The 
overall yield for this sequence is only 11%. Since SF5Br has been 
under study in our laboratories, an attempt was made to prepare 
SF5C=CH in higher yields by the following sequence of reactions. 

57 .C 
SF5Br t H C S C H  - SF5CH=CHBr 80% 

( 2 )  
B r z  br 

SFsCH=CHBr - SF5CHBrCHBrz 46% 

K 2 C O 3 , 2 5 * C  'T 7' /H 
t c=c 36% (3)  - ?="\ / \ 

S F5C H Br C HBrp 

Br H Br Br 

Z n ,  d l g l y m e  
SFsCBr=CHBr + S F 5 C 5 C H  6 8 %  (4) 

*To whom correspondence should be addressed: G.L.G., Portland State 
University; J.M.S., University of Idaho. 

Because of the unexpected low yields of reactions 2 and 3, the 
overall yield was only 9%. It is thought that the yields for reactions 
2 and 3 could be improved, but it was found, unexpectedly, that 
direct dehydrobromination of SF5CH=CHBr gave the acetylene 
in yields of -50%. 

KOH 
SF5CH=CHBr - SF,C=CH 

Attempts to dehydrohalogenate SF5CH=CHC1 were found to 
be ineffective and gave a yield of only 1-2% of the desired SF, 
alkyne. The compounds synthesized in reactions 1-3 are new and 
have been characterized by elemental and spectral analyses. 

The common feature of these new compounds and SF,C=CH 
is the presence of the SF5 group. For the compounds reported 
in this paper, absorption bands in the 845-928-cm-' region are 
assigned to S-F stretching vibrations. The S-F deformation 
modes are found near or a t  600 ~ 1 1 7 - l . ~  The infrared spectra of 
SF,CH=CHBr and SF5C=CH contain the characteristic ab- 
sorption band of the olefinic C=C or acetylenic C=C stretching 
vibration at 1611 or 2118 cm-', respectively. For SF5CH= 
C(Br)SF,, SF5CH=C(CF3)Br, and C F , m H ,  the C = C / ( F C  
absorption bands are found at  1610, 1630, and 2165 cm-',re- 
~ p e c t i v e l y . ~ * ~ ~ ~  The C-H stretching vibrations for SF,CH=C- 

(1) See, for example: Gard, G. L.; Woolf, C. W. U S .  Patent 3448 121, 
1969. Gard, G. L.; Bach, J.; Woolf, C. W. British Patent 1 167 112, 
1969. Gilbert, E. E.; Gard, G. L. U S .  Patent 3475453, 1969. Banks, 
R. E.; Haszeldine, R. N. British Patent 1145263. Michimasa, Y. 
Chem. Abstr. 1975, 82, 175255g. Sheppard, W. A. US. Patent 
3219690, 1965. 

(2) Hoover, F. W.; Coffman, D. D. J. Org. Chem. 1964, 29, 3567. 
(3) Berry, A. D.; De Marco, R. A,; Fox, W. B. J .  Am. Chem. SOC. 1979, 

101, 737. 
(4) Cross, L. H.; Cushing, G.; Roberts, H. L. Spectrochim. Acta 1961, 17,  

344. 
(5) Wang, Q. C.; White, H. F.; Gard, G. L. J. Fluorine Chem. 1979, 13, 
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