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ABSTRACT 

The syntheses and electronic spectra of fourteen surfactant porphyrins 

and metalloporphyrins and two surfactant analogues of the tris(2,2'-bipyridine)

ruthenium(II) ion are described. The optical characteristics of several 

of the porphyrins dispersed alone or with phospholipid in neutral aqueous 

media indi~ate that porphyrin plane-plane interactions occur. The ruthenium 

complex with 4,4'-dicarboxamide bipyridine as one of the ligands is more 

like the parent complex than the complex with alkylated biimidazole, with 

regard to photodecomposition and the luminescence intensities of their 

solutions • 
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INTRODUCTION 

One approach to solar energy conversion involves the photolysis of water 

by means of dye sensitized electron transfer reactions, as in photosynthesis. 

A fundamental aspect of photosynthesis is that the components are condensed 

into ordered molecular aggregates. The use of aqueous solutions of micelles 

should make it possible to mimic this aspect of natural systems, as the 

surfactant components of micerles are aggregated in oriented arrangements. 

The significant influence of micelles on light-activated redox reactions 

is curr~ntly being realized1. Photoredox catalysts will be distributed 

in·micellar systems according to their properties including charge, solubility 

in water, and surface activity. By using sensitizers an~ electron donors 

or acceptors which are constrained to different phases of micellar systems, 

it should be possible to hinder recombination of radical products~ which 

are stabilized by micellar surfaces4• Bilayer membranes (vesicles, for 

example) are of particular interest because of the possibility for coupled 

charge transfer reactions between hydrogen- and oxygen-evolving sites at 
,r 

opposing membrane surfaces. 

We have prepared.several surfactant porphyrins and tris(~-diimine)ruthenium

(11) complexes in order to investigate t~eir abilities to photosensitize 

electron transfer reactions across the phase boundaries of micelles, since 

these types of dyes are known to be photosensitizers5. The surfactant dyes, 

designated I to XVI, whose molecular formulas are summarized in Table 1, 

have ionic chromophores and one or more long-chained alkyl (n-hexadecyl) 

groups attached, and are expected to be oriented in micelles with their 

chromophores in the interphase region. The porphyrins (I to XIV) are de-

rived from meso-tetra(4-pyridyl) and tetra(4-carboxyphenyl)porphyrins. 

The two mixed-ligand ruthenium complexes contain two 2,2'-bipyridine ligands 

and either alkylated biimidazole (XV) or dicarboxamide bipyridine (XVI) 
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as the third diimine ligands. In this article we primarily describe the 

prepar_ations of the sensitizers and their optical characteristics in nonaqueous 

and aqueous media, and submit interpretations of the optical results. 

EXPERIMENTAL SECTION 

Materia 1 s. Meso-tetra( 4-pyri dyl )porphyrin (TPyP) and meso-tetra( 4-

carboxyphenyl)porphyrin were purchased (Strem) o~ synthesized as described8, 

and purified by talc {TPyP) or by charcoal (tetracarboxyphenylporphyrin). 

Cetyl halides were purchased (Eastman) or synthesized. Metal salts used 

for metalloporphyrin preparations were of reagent grade. 2,2'-Bipyridine 

(bipy) (Aldrich) was recrystallized twice from hexane, and hexadecylamine 

(Aldrich) was recrystallized several times from ethanol as its HCl salt. 

- rRu(bipy)3]Cl 2·6H20 (G. F. Smith) was crystallized from water by addition 

of aqueous KCl. 2,2'-Biimidazole9 was prepared from 40% glyoxal (Aldrich) 

and ammonia, 2,2'-bipyridine-4,4'-dicarboxylic acid10 from 4,4'-dimethyl-

2,2'-bipyridine (G. F. Smith), (bipy) 2RuC1 2 •3H2o
11 from ruthenium trichloride 

hydrate (A lfa), and 3-(dimethyl hexadecyl ammoni o )propane-1-sul fonate 12 from 

N,N-dimethylhexadecylamine (K & K) and 1,3-propane sultone (Aldrich). Egg 

yolk phosphatidylcholine was available which had been purified as described13 . 

Optical measurements. Visible and UV absorption spectra were recorded 

on a Cary Model 118 spectrophotometer! Luminescence was measured on an 

Hitachi Perkin-Elmer Model MPF-2A fluorescence spectrophotometer equipped 

with a 150 W xenon lamp and red sensitive photomultiplier tube (Hamamatsu 

TV Co. type R-136). Right angle illumination was used, and luminescence 
.~ ' . 

was· uncorrected for photomultiplier wave 1 ength dependence. Measurements 

were made at room temperature under aerobic conditions. 

Aqueous sample preparations. For vesicular phospholip_id bilayer prepara

tions, ethanol solutions of egg phospatidylcholine and sensitizer were 

syringe-injected into water (or buffer) at room temperature, with final 

., 
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ethanol concentrations of 1 to 4%14• Dispersal of the sensitizers into 

water (or buffer) was achieved by syringe injection of solutions of the 

sensitizers in water-miscible organic solvents into the aqueous phase, at 

room temperature. Final concentrations of the organic solvents were about 

0.5%. The mixing procedure for these samples was varied. Judging from 

sample turbidities and spectra, vigorous stirring (or Vortex mixing)of 

the aqueous phase during injection generally disperses the surfactants more 

effectively than when mixing follows injection, and the fo~mer procedure 

is more reproducible than the latter. 
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Syntheses~ Porphyrin derivatives: I, II, I II, IV. A so 1 uti on of TPyP 

(306 mg, 0.49 mmole) and cetyl bromide (2.1 g, 6.8 mmole) .in dimethylformamide 

(DMF) (300 ml) was refluxed for 4 hr under nitrogen. So 1 vent was removed 

and the residue was washed with ether three times to remove the unreacted 

bromide. The mixture was di sso 1 ved in methane 1 (MeOH) and the unreacted 

TPyP (negligible) was filtered off. The product was purified by-repeated 

gel filtrations (once with a 1.8 x 24 em column, six times with a 4 x 50 

em column) over Sephadex LH-20 eluted with MeOH. The four fractions which 

were isolated were further purified by precipitations from MeOH-ether and 

from ethanol-ether, then dried overnight at 50° in vacuo over P2o5. I, 

Yield: 68 mg (14.6%). Anal. Calcd for (c40H26N8)(c 16H33 )Br·H20: C, 71.34; 

H, 6. 48 ; N, 11. 89. Found: C, 71. 62 ; H, 6. 43 ; N ~ ll. 85 . II , Y i e 1 d: 15 7 

mg (25. 1%). Anal. Calcd for (C40H26N8)(c16H33 )2Br2•2H20: C, 68.30; H, 7.58; 

N, 8.85. Found: C, 67.88; H, 7.30; N, 8.73; III, Yield: 177 mg (22.5%).· 

Anal. Calcd for (c40H26N8)(C 16H33 )3Br3•3H20: C, 66.46; H, 8.24; N, 7.05. 

Found: C, 66. 15; H, 8. 10; N, 6.95. IV, Yield: 78 mg (8.4%). Anal. Calcd 

for (C40H26N8)(c 16H33 )4Br4•3H20: C, .65.89; H, 8.66; N, 5.91. Found: C, 

65.83; H, 8.34; N, 6.08. IV was obtained in goodyield (83%) in the same 

manner using a forty-fold molar excess of cetyl brOmide. 

• 
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V, VI, VII. A solution of TPyP (101 mg, 0.16 mmole) and cetyl bromide 

(502 mg, 1.6 mmole) in DMF (100 ml) was refluxed for 2 hr under nitrogen. 
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The mixture was evaporated to dryness, and washed with ether three times . 

The fraction which dissolved in MeOH was submitted to metallation with CuBr2 
as described for VIII. The following products were isolated and purified 

by column chromatography on alumina and Sephadex LH-20, and treatment with 

NaCl04 as described for VIII. V, Yield: 45 mg (27.4%). Anal. Calcd for 

Cu(C40H24 N8)(C 16H33 )Cl04: C, 66.92; H, 5.72; N, 11.15. Found: C, 66.68; 

H, 5.76; N, 10.92. VI, Yield: 29 mg (13.4%). Anal. Calcd for Cu(c40H24 N8)

(c16H33)2(Cl04)2: C, 65.02; H, 6.82; N, 8.43. Found: C, 64.02; H, 7.10; 

. N, 7.70; after one additional gel filtration: Found: C, 63.29; H, 6.49; 

N~ 8.50. VII, Yield: 9 mg (3.3%). Anal. Calcd for Cu(C40H24 N8)(c 16H33 )3(Cl04)3: 

C, 63.87; H, 7.49; N, 6.77. Found: C, 63.88; H, 7.44; N, 7.09. 

VIII. MeOH (100 ml) was b~ought to reflux and IV (25 mg, 13.5 ~mole) - ' 

and C~Br2 (6 mg, 27 ~mble) were added. - The reaction was checked spectrophoto

metrically. After 1 hr, MeOH was evaporated and the residue was washed 

with water. The crude product (20 mg, 78%) was purified by columQ chromato

graphy over alumina (Woelm~ neutral, activity I; 1.8 x 18 em) and gel filtra

tion over Sephadex LH-20 (1.8 x 24 em) with Me0H-CHC1 3. After removal of 

of the solvent by evaporation, the product was redissolved in MeOH, then 

precipitated by addition of aqueous NaC104 to give a red solid which was 

dried overnight in vacuo at 50° over P2o5. Anal. Calcd for Cu(c40H24 N8) 

(C16H33)4 (Cl04)4: C, 63.09; H, 7.94; N, 5.66. Found: C, 62.92; H, 7.88; 

N, 5.63. 

IX. I (50 mg, 53 ~mole) and Zn(OAc) 2•2H2o (16 mg, 73 ~mole) were refluxed 

in acetic acid (40 ml) for 9 min. The mixture was evaporated to dryness 

in vacuo at 40°, and extracted with CHC1 3. The CHC1 3 extract was purified 
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by column chromatography on alumina (1.8 x 14.5 em) with 5% MeOH-CHC1 3, 

followed by gel filtration (1.8 x 24.5 em) with 50% Me0H-CHC1 3• After 

treatment with NaCl04, the perchlorate salt was collected by filtration, 

washed with water and MeOH, and dried over P2o5 at 50° in vacuo. Yield: 

40 mg (74%). Anal. Calcd for Zn(c40H24 N8)(c 16 H33 )Cl04·~H20: C, 66.20; H, 

5.76; N, 11.03. F-ound: C, 66.44; H, 5.77; N, 10.89. 

XI. MnC1 2·4H2o (10 mg, 51 1-1mole) was added to IV (49 mg, 27 1-1mole) 

in DMF (100 ml), and the solution was refluxed for 35 min. The product was 
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' purified by chromatography over alumina (1.8 x 13 em) with 20% MeOH-CHC1 3, 

and isolated as its perchlorate salt with NaC104• Anal. Calcd for MnClH2o

(c40H24N8)(C16H33)4(Cl04)4·2H20: C, 60.62; H, 7.92; N, 5.44. Found: C, 60.38; 

H, 7.52; N, 5.45. 

X. A procedure similar to that for XI was employed using an alkylated 

TPyP mixture, Mn(OAc) 2 ·4H20, and acetic acid as solvent, followed by chromato

graphy. Anal. Calcd for MnBrH20(c40H24N8)(C 16H33 }Cl04 •2H20: C, 59.50; H, 

5.61; N, 9.91. Found: C, 59.35; H, 5.26; N, 9.79. 

XII. PdCl 2,2H2o {6.2 mg, 29 1-1mole) was added to a solution of IV (52 

mg, 28 1-1mole} in DMF (100 ml), and the mixture was refluxed for 1 hr under 

nitrogen. After evaporation of the solvent, the-residue was chromatographed 

on an alumina column {1.8 x 15 em). The main fraction was eluted with 10% 

and 20% Me0H-CHC1 3 and further purified using a Sephadex LH-20 column (1.8 x 

26-cm) with 10% CHC1 3-Me0H. Solvent evaporation yielded the bromide salt 

{32 mg, 58%). Treatment of its MeOH solution with NaCl04 gave a solid. 

Anal. Calcd for Pd{C40H24 N8 )(c 16H33 )4(Cl04}4 : C, 61.76; H,' 7.77; N, 5.54. 

Found: C, 61.52; H, 7 • .72; N, 5.47. 

.. 

.. 
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XIII. A mixture of IV {25 mg, 13.5 llmole) and FeC1 3 (3.9 mg, 24 llmole) 

in DMF {100 ml) was heated at 120° for 2 hr, then refluxed for an additional 

2 hr under nitrogen. The residue, after evaporation of solvent, was washed 

with water and with acetone, and purified by chromatographing twice over 

alumina (1.8 x .13 em) with 5% Me0H-CHC1 3• Treatment of the product with 

NaCl04 gave the pure Fe-complex. Anal. Calcd for FeCl(C40H24 N8)(c 16H33 )4-

(Cl04)4: C, 62.22; H, 7.83; N, 5.58. Found: C , 62.15; H, 7.80; N, 5.59. 

XIV. To a hot solution of.tetracarboxyphenylporphyrin in DMF, an equivalent 

amount of KOH in MeOH and excess cetyl iodide were added, and the mixture 

was refluxed under nitrogen for 2 hr. After evaporation of solvent, the 

residue was purified on a silica gel (Bio-Rad, Bio-Sil HA) column with 

Me0H-CHC1 3-triethylamine (30:70:1, by volume) as eluent. IR (KBr pellet): 

1722, 1691 cm-1. Anal. Calcd for (c48H29N4o8)(c16H33 )·3H20: C, 71.89; H, 

6.41; N, 5.24. Found: C, 71.97; H, 6.89; N, 5.09. 

Ruthenium Complexes: 1,1'-Di(l-hexadecyl)-2,2'-biimidazole. A 

35% NaOH solution (2.5 ml, 22 mmole) was added to a well-stirred suspension 

of 2,2'-biimidazole {1.34 g, 10 mmole) in DMF (ca. 100 ml). After the 

solution became homogeneous (green), cetyl bromide (6.71 g, 220 mmole) and 

additional 35% NaOH solution (2.5 ml) were added. Stirring was continued 

for 3 hr at room temperature. The resultant precipitates were filtered. 

Water was added to the filtrate and the mixture was extracted with ether. 

The solid was dissolved in ether and the comb·ined organic layer was washed 

\.J with water several times, and dried over Na2co3. The product was then chroma

tographed on a column of silica gel (1.8 x 17 em). The fraction which eluted 

with 20% MeOH-benzene was purified by recrystallization from ethanol. Yield: 

593 mg (10%). Mp 58-59°. NMR in COC1 3 (220 MHz), ppm: 0.85 (6H, t, J=6 Hz), 

1.24, 1.66, 2.00 (ca. 56H), 4.36 (4H, t, J=8 Hz), 6.92 (2H, s), 7.01 (2H, s). 



Anal. Calcd for c38H70N4 C, 78.29; H, 12. 10; N, 9.61. Found: C, 77.96; 

H, 12.00; N, 9.44. 
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XV. Ru{bipy) 2Clz-3H2o {56 mg, 0.10 mmole) was dissolved in 50% aqueous 

ethanol {10 ml) and heated ~t 80° under nitrogen for 20 min. 1,1'-Di{l

hexadecyl)-2,2'-biimidazole {73 mg, 0.12 mmole) was added with dioxane (10 

ml). Heating under nitrogen was continued at 90° for six hr. The resulting 

dull orange solution was evaporated to dryness, and the mixture was washed 

·with ether. The brown solid was transferred to a filter and carefully ex

tracted with a limited volume (ca. 2 ml) of cold ethanol, leaving dark violet 

solid (presumably Ru{bipy) 2cl 2). The ethanol solution was purified by two 

passes through a Sephadex LH-20 column (2 x 43 em), with 50% acetone-ethanol. 

The fraction which eluted first was evaporated to dryness, crystallized 

once from acetone, washed with cold acetone, suspended in ether, and collected 

by filtration. The red solid was dried over P2o5 in vacuo for 12 hr. Yield: 

48 mg (40%). Anal. Calcd for Ru(C 10H8N2)2{c38H70N4)cl 2·3H2o: c, 62. 14; H, 

8.21; N, 10.00. Found: C, 61.95; H, 7.91; N, 9.94. 

2,2'-Bipyridine-4,4'-dicarbonyl chloride. 2,2'-Bipyridine-4,4'-dicarboxylic 

acid {0.60 g, 2.5 mmole) was refluxed in thionyl chloride {15 ml) under 

nitrogen for 4.5 hr. The excess thionyl chloride was removed by evaporation. 

The resulting pale yellow powder was dried over ~aOH in vacuo and used without 

purification. IR {KBr pellet): 1755 cm- 1• 

N,N'-Di(l-hexadecyl)-2,2'-bipyridine-4,4'-dicarboxamide. Hexadecylamine 

hydrochloride (1.65 g, 5.9 mmole), triethylamine (1 ml) and dry CH2c1 2 (50 ml) 

were added under argon to the flask which contained the above acid chloride. 

The mixture was refluxed under nitrogen for 2.5 hr. The solid was collected 

by filtration, washed with aqueous bicarbonate (sat'd) and water, then with 

ethanol and acetone, and dried in vacuo. Crystallization from hot tetrahydro

furan yielded a white powder. Yield: 0.9 g (40% overall). Mp -216-218°. 

• 

•· 
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IR (KBr pellet): 1630 cm- 1. Anal. Calcd for c44 H74 N4o
2

: C, 76.52; H, 10.72; 

N, 8.17. Found: C, 76.47; Hj 10.59; N, 7.98. 

r(Bipy) 2RuCl(H2~. (Bipy) 2RuC1 2 • 3H20 (0. ll g) was refluxed 

in 50% aqueous ethanol (80 ml) for 1 hr under nitrogen to convert the complex 

to {bipy)
2

RuCl(H
2
o)+ 16 . The brown solution was evaporated to half-volume 

and passed through anion exchange cellulose (Bio-Rad, Cellex-D) i~ PF6-

form. The eluted solution was lyophilized to yield a brown powder (0.10 g). 

The color of the powder darkened gradually, and became almost black17 • 

Anal. Calcd for qc 10H
8

N
2

) 2RuCl(H20)](PF
6

): C, 39.25; H, 2.94; N, 9.16. 

Found: C, 33.53; H, 2.77; N, 7.84. 

XVI. N,N1 -Di(l-hexadecyl)-2,2 1 -bipyridine-4,4•,..dicarboxamide (120 mg) 

was suspended in hot CHC1
3 

(60 ml), then a solution of the above PF6 salt 
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{99 mg) in acetone (25 ml) was added .. The mixture was refluxed under nitrogen 

for 3 hr, then evaporated to dryness. CHC1 3 was added to preferentially 

dissolve the product, and the mixture was filtered to remove the starting 

materials. CHC1 3 was removed by evaporation, and the crude. product was 

dissolved in acetone (25 ml). XVI. precipitated upon addition of 0.3 M 

aqueous NaCl04 (21 ml). The light brown precipitate was collected by 

filtration, washed with water, and dried in vacuo at 50° over P2o5 for 16 hr. 

Yield: 129 mg (70% based on carbon content of the PF6 - salt). IR (KBr pellet): 

1660 cm- 1• Anal. Calcd for [(C 10H8 N2 ) 2Ru(C44 H74 N4o2)J(Cl04 ) 2·H20: C, 58.18; 

H, 6.97; N, 8.48. Found: C, 58.26; H, 6.85; N, 8.29. 

RESULTS 

Porphyrins. The visible absorption spectra of the surfactant porphyrins 

in methanol (summarized in Table 2) and other organic solvents generally 

resemble the solution spectra of meso-tetraphenylporphyrin and its metal 

complexes 20 •. For the TPyP derivatives, the band maxima shift to lower 

energies with increasing degree of alkylation. The absorption and fluorescence 

spectra of metal-free monoalkylated TPyP (I) and the absorption of its copper 
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complex (V) in methanol are illustrated in Figure 1. The other metal-free 

porphyrins (II, III, IV, and XIV) have similar fluorescence spectra; however, 

. the relative fluorescence intensities of solutions of the TPyP derivatives 

decrease with increasing degree of alkylation. Of the metal complexes, 

only the zinc porphyrin (IX) has detectable fluorescence in methanol (Amax-

626 nm). 

Bilayer (vesicle) dispersions composed of egg phosphatidylcholine and 

either I, V, IX, or XIV were prepared with porphyrin mole fractions (f) 

of l/60 or l/100, and l/11. The absorption spectra of vesicles with 

frv l/60 or l/100 resemble the spectra of the porphyrins dissolved in methanol 

except for general shifts of the band maxima by several nanometers. The 

absorbance at the Soret band maxima of the four porphyrins are ca. 25% 

less for vesicles with f rv 1/11 than for the vesicles with lower mole fractions. 

For the metal-free porphyrins (I and XIV), the decreases in Soret band 

intensities are accompanied by increases in band widths of ca. 20%, and 

red shifts (1-2 nm) of the visible band maxima. Corresponding Soret band 

broadenings for the copper and zinc porphyrins (V and IX) are ca. 15% and 

4%, .but no shifts of the visible band maxima are observed. The Soret band 

of I in vesicles with frvl/11 has a maximum at 421 rim and a shoulder at 

about 450 nm; the intensity of the shoulder increases during several hours 

after vesicle preparation as the intensity at 421 nm decreases. Similar 

time dependence for frv l/100 vesicles containing I is negligible. The 

fluorescence intens·ity of I in vesicles with f rv l/11 is ca. 80% of that 

. in vesicles with f rv l/100. 

When these four porphyrins are dispersed alone into neutral buffer 

(pH 6.8: 50 mM NaCl, 5 mM NH40Ac) or water, their absorption spectra have 

shapes and intensities different from their methanol solution spectra. 

• 

t 

• 
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The spectra of the aqueous dispersions of I and V are shown for comparison 

in Figure 1. For all four porphyrins the spectral differences are more 
' 

apparent in the Soret than in the visible bands. Considerable reduction 

of band intensities compared to methanol solution spectra and red shifts 

of the band maxima are observed. The Soret bands in the spectra of the 

aqueous dispersions appear to be split. The aqueous dispersions are slightly 

turbid, as indicated by their nonzero absorbances at ~700 nm where the 

porphyrins do not absorb. 

The absorption spectrum of the copper porphyrin, V, dispersed into 

0.1 M HCl has solution characteristi~s, which are converted to spectra with 

characteristics of the neutral aqueous dispersions (Figure 1) as the pH 

is increased from 1.2 to 10 with added 1M NaOH. The most significant spectral 

changes occur in the pH range 2 to 3. For a similar titration of V in 

0.1 M HCl anci 0.009 M 3-(dimethylhexadecylammonio)propane-l-sulfonate21 , 

the absorption bands intensify and blue shift as the pH is increased. 

Ruthenium complexes. The absorption and emission of solutions of the 

mixed~ligand Ru(II) complexes XV and XVI are compared to those of 

[(Ru(bipy) 3]cl 2 (designated XVII) in Figure 2 and Table 3. Predominant 

features of the spectrum of XVII (Figure 2a) are visible absorption and 

emission bands due to metal-to-ligand (d-~*) charge transfer transitions 

and a ligand localized (~-n*) transition in the ultraviolet region22 , 23 . 

Presumably, analogous assignments can be made for XV and XVI (Table 3). 

The shoulder near 350 nm in the absorption spectrum of XVI probably has 

charge-transfer origin23 • 

The visible charge-transfer absorption band of the biimidazole-containing 

complex {XV) (Figure 2b) has a lower extinction and is red-shifted by 980 cm-l 

relative to that of XVII. There is a corresponding red shift of the emission 
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maximum. The band at ~355 nm is more prominent in the spectrum of XV compared ' , 

to that of XVII. The luminescence intensities of solutions of XV are considerably 

weaker than ~hose of XVII (Table 3). Irradiation of a 50% aqueous ethanol 

so 1 uti on of XV with 420 - 600 nm 1 i ght ( 900 W xenon arc 1 amp source, filtered 

with 4 em of 62.5 gm/1 Cuso4.5H2o aqueous solution and Corning filter #3-73) 

for ten minutes results in a 8% loss of intensity at 475 nm and an increase 

in absorbance at ~520 nm (the bleaching is partly reversed in the· dark). 

The corresponding bleaching of XVII is <1%. 

XV disperses readily into warm water. When the dispersions are dialyzed 

against water for several hours, the. complex remains inside the dialysis 

bag. Electron microscopic examination of a dispersion, which is millimolar 

in XV, adsorbed to parlodion 'film and negatively stained with 2% phosphotungstic 
0 

acid, shows the presence of a nearly uniform population of ca. 200 A diameter 

round oarticles as well as much larger filamentous particles. The optical 

absorption and luminescence of the dispersions differ slightly from those 

of the complex in aqueous ethanol. 

The absorption and emission characteristics of the complex with the 

dicarboxamide bipyridine ligand (XVI) are solvent dependent. The two extremes 

we have observed are represented by XVI in chloroform and in aqueous medium 

solubilized by detergent micelles. The spectral characteristics of the 

charge-transfer bands of XVI in chloroform (Figure 2c) resemble those of 

XVII in water (Figure 2a), and the luminescence intensities of the two 

compounds are comparable (Table 3). Compared to its chloroform solution, 

the positions of the maxima of the emission and lowest energy absorption 

bands of XVI in the detergent solution (Figure 2d) are red-shifted ~Y ca. 

1000 cm- 1• Accompanying these shifts are similar shifts of the band at · 

~ 350 nm and the shoulder at ~300 nm, and a reduction of the luminescence 

intensity by about 75%. Illumination of the detergent solut.ion containing 

.. 
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XVI for forty minutes with 420 - 600 nm light {900 W xenon arc lamp, filtered 

as described above) has no effect on its absorption spectrum. 

DISCUSSION 

Porphyrins. Mixed phosphatidylcholine-porphyrin vesicular dispersions 

can be prepared reproducibly ( with ~egard to their optical properties) by the 

ethanol injection method14 , but the nature of such prepar~tions can be expected 

to depend on ~ number of factors, including the final ethanol concentration 

and stirringof 'the aqueous phase24 . The optical spectra of these bilayer 

preparations depend on porphyrin mole fractions in a way which suggests 

that porphyrin-porphyrin interactions are responsible for the spectral differences. 

By preparing micelles of the porphyrins alone, their behavior at even higher 

local concentrations can be observed. The slight turbidity of the neutral 

aqueous dispersions implies that porphyrin micelles are present, with dimensions 

greater than those for simple globular micelles •. In comparison to solution 

spectra, the spectral characteristics of the porphyrin micelles resemble 

those of monomolecular layers of porphyrin esters 25 , 26 , which are attributed 

to plane-plane interactions between porphyrin ring systems. The band shifts, 

broadenings, and intensity losses of the porphyrin micelles relative to 

their methanol solution spectra are due partly to the micellar environment 

a~d to the colloidal distribution of the pigments27 , but we believe that 

porphyrin ring interactions C1dimers 11
) are also responsible for the altered 

spectra of the aqueou~ dispersions. The spectral differences between the 

mixed vesicles with h·igh porphyrin concentrations and those which are more 

dilute qualitatively-resemble the spectral differences between porphyrin 

micelles and methanol solutions, supporting the contention that porphyrin 

interactions are fesponsible for the spectral dependences on mole fractions 

i n ves i c 1 es • 

The absorption spectrum of the copper complex of monoalkylated TPyP 
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(V) in 0.1 M NaCl changes most significantly in the pH range 2 to 3, which 

indicates that the degree of protonation of the substitutent pyridyl groups 

of the porphyrin is important28. The 11 norma 111 spectrum for the protonated 

form of V at pH 2 may be due to sufficient water sol ubi 1 ity to prevent 

~icelle formation, or to lack of porphyrin n interactions because of the 

peripheral positive charges 29• The presence of detergent micelles apparently 

prevents porphyrin plane interactions since the absorption spectrum remains 

sharp at neutral pH. The intensification and blue shift of the bands observed 

in this case s·eem to be due to changes in the peripheral charge on the. 

porphyrin ring, as .noted for the alkylated TPyP derivatives in Table 2. 

The assignments to porphyrin dimers (or oligimers) on the basis of 

the optical data presented -are not definite since the spectra of porphyrins 

are sensitive to a number of environmental factors, and the optical properties 

of dimers are not predictable without additional information. Ho~ever, 

the experimental evidence is consistent with this interpretation, and with 

spectral results for porphyrin aggregation in other systems25 , 30, 31 . The 

pronounced tendencies of monolayer or bilayer environments to promote the 

. aggregation of surfactant porphyrins have been documented25 , 26 , 32 , 33 . Our 

interest in porphyrin interactions in the vesicle preparations derives from 

their possible effects on photosensitization, and because we have observed 

that certain qui nones induce similar spectral changes 34 • 

Ruthenium complexes. Studies of mi·xed-ligand tris-chelates of 

ruthenium have led to the conclusion that the electronic structures of mixed-

ligand Ru(II) ions have properties which a~e weighted averages of the two 
\ 35 
tris parents . So a comparison of the optical properties of XV, XVI, and 

[Ru(bipy) 3]cl 2 (XVII) might reflect differences between the bonding of Ru(II) 

• 



• 

15 

ion to the alkylated biimidazole, dicarboxamide,bipyridine and unsubstituted 

bipyridine ligands. 

One explanation for the shifts to lower energies of the charge-transfer 

band of XV relative to the transitions of XVII, is that the ligand field 

strength of coordinated biimidazole is less than that of bipyridine2\ the 

prominence of the .band at rv355 nm in the .absorption spectrum of XV 

(Figure 2b) compared to the spectrum of XVII (Figure 2a) also indicates 

that this is so23 . Weaker bonding between the Ru(II) ion and biimidazole 

compared to bipyridine is likely because of geometrical differences between 

the ligand~36 . A lower average ligand field strength in XV would mean that 

the energy separation between its d-d and d-TI * states is less than that 

for XVII, assuming that the energy of the lowest unoccupied molecular orbital 

of biimidazole is equal to or greater than that of bipyridine. The d-d 

excited states of XVII are thermally accessible via its longest lived 

d-TI* states at room temperature37 . This mechanism leads to rapid deexcitation, 

through pathways which include ligand substitution reactions in aqueous 

media, and results 37 in absorption changes similar to those for illuminated 

solutions of XV. Therefore the higher sensitivity to bleaching and lower 

emission intensity of XV relative to XVII, as well as differences between 

the electronic spectra of the two complexes, may be consequences of weaker 

coordinative bonding in XV. 

The nature of the micelles of XV is of interest. Although no 
0 

bilayer structure is evident, it seems likely that the 200 A diameter particles 

in the electron micrographs of aqueous dispersions of this complex are bilayer 

vesicles. It has recently been reported that other types of cationic molecules 

with two long alkyl groups form vesicle structures 38 . 

The other surfactant ruthenium complex, XVI, which has substituted 



bipyridine as its unique ligand, has optical properties in nonaqueous media 

which resemble more those of the tris bipyridine complex than does XV. 
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The substituted bi pyridine 1 i gand has carboxami de· 1 i nkages because the ester 

linkages of analogous complexes are easily hydrolyzed11 ,39 . The amide bonds 

of XVI seem to be relatively stable to hydrolysis in aqueous detergent 

solutions whether illuminated or not, since hydrolysis should result in 

absorption spectral changes which are not observed. 

The red shifts· of the low energy absorption and emission maxima of 

XVI in detergent solution (Figure 2d), relative to its chloroform solution 

(Figure 2c), resemble the spectral changes which accompany protonation of 

the ionized form of the analogous complex with free carboxy groups instead 

of carboxamides39 . The changes in emission intensities (Table 3) for the 

two cases also correlate39 . Therefore the amide substituents are likely 

involved, presumably through interactions with solvent which affect the 

charge transfer states of the complex. The prominent shoulder on the intra

ligand absorption band of XVI near 300 nm, which is not present in the 

spectrum of XVII, is due to the carboxamide ligand. The fact that this 

band is affected by solvent changes in the same way as the charge-transfer 

band, whose vibrational structure may be derived from ligand vibrations 23 , 

further suggests involvement of the amide groups in the solvent dependent 

optical properties of XVI. 

CONCLUSION 

We have prepared a number of surfactant sensitizers and characterized 

several of them optically in homogeneous and micellar environments. The 
»-' 

dispersal of surfactants into aqueous media by injection of their nonaqueous 

solutions is simple and reproducible, but the method is sensitive to several 

, variables. A number of the micellar preparations containing the sensitizers 

• 

• 
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have time dependent optical properties, indicating their metastable natures. 

The effects of high local concentrations of sensitizers in micelles on their 

optical properties are more evident for the porphyrins than for the ruthenium 

complexes, but the' photochemistry of both types of compounds is likely to 

be affected by concentration. 

We have begun to examine the photochemistry of several of the sensitizers. 

The monoalkylated zinc porphyrin (IX} photosensitizes the reduction of 

sulfonated anthraquinone by ascorbic aicd in the presence of detergent 

micell~s 3 , and the surfactant ruthenium complex XVI~ incarcerated into 
' I 

. f . 1 by EOTA40 
phospholipid vesicles, photosensitizes the reduct1on o v1o ogens 
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FIGURE LEGENDS 

Figure 1. Absorption(----) and fluorescence(-·-·-·-) spectra of metal

free monoalkylated TPyP (I) and its copper complex (V) in MeOH, and the 

absorption(--) of their aqueous dispersions, at 23°. The absorbance 

scale refers to the unexpanded curves, with 1.0 em path lengths. Following 

are the porphyrins concentrations (solvents): I, 2.9 ~M (MeOH), 4.3 ~M 

(50 mM NaCl, 5 mM NH40Ac, pH 6.8, 0.4% EtOH); V, 2.9 ~M (MeOH), 5.0 ~M 

(H20, 0.2% DMF). 

Figure 2. Absorption (---1 and normalized emission(-- ..... ) spectra of 

tris(diimine)Ru(II) complexes in solution. at 23°. The absorbance·scale 

refers to the unexpanded curves, with 0.3 em path lengths. Solvent and 

concentrations are as follows: a, H2o, 40 ~M; b, 50% H20-Et0H, 63 J.1M; 
) 

c, CHC1 3, 39 ~M; d, 10 )JM aqueous 3-(dimethylhexadecylammonio)propane-

1-sulfonate (0.5% DMF), 50 J.lM. 
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Table 1. Molecular Formulas of Surfactant Sensitizers ry 

Porphyrin M Rl R2 R3 R4 anion 

R2 
I 2H PyC16 Py Py Py Br 

R4 
II* II II . PyC16 " II II 

III II II II PyC16 II II 

R3 IV II II II II PyC16 Cl04 
Py=-o v Cu II Py Py Py II 

VI* II II PyC16 II II II 

PyCIG = -o+-CI6H33- n VII II II II PyC16 
II II 

cP =-@-cooH VI II II II II II PyC16 
II 

CP-C16 = -@-cOOCsH33-n 
IX Zn II Py Py Py II 

X Mn·Br·H 0 II II II II II 

2 
XI Mn· C l·H 0 II PyC16 PyC16 PyC16 

II 

2 
XII Pd II II II II II 

XIII Fe·Cl II II II II II 

XIV 2H CP-c16 CP CP CP 

* Mixture of two isomers. 

~Po ~fb ,.N ' 
n . ~2 
~~:···NQ .. ~---NQ 

N .N ... 
[(~N) 

2cr ~ 
2CI04 

I I HNOC CONH 
f, 

n-H33CI6 C1sH33- n 
·.~ 

I I 
n-H33=,s C1sH33-n 

XV XVI I 

' XBL 7710-4707 

.;.r-
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Table 2. Electronic Absorption Spectral Data for Surfactant Porphyrins in iv1ethanol at 23° 

A max• runa orphyrin 
Band intensityb I II III IV v VI VII VIII IX xd·e xid,fxii XIII XIV 

So ret A 416 420 426 426 414 418 422 428 423 463 463 420 414 416 
i 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

log E. max 5.66 n.;m,.c n.m. 5. 35 5.37 n.m. n.m. n.m. 5.37 5.07 n.m ... n.m. n.m. 5.65 

Visible IV ~ 511 515 515 517 560 57l (441) 513 
i 7.1 8.2 8.7 8.8 10 8.8 75 4.1 

" III ( ~) I\ 548 550 552 557 543 544 545 549 559 (590) (615) 525 572 551 
i 2.6 3.8 4.5 5.2 7.3 8.3 9.5 5.1 7. 7 5 3 10 10 1.9 

" II (oc) )\ 588 589 591 593 584 583 (580) (585) 606 682 (680) 560 630 591 
~ 2.3 3.0 3.6 4.4 1~5 2.4 3.3 1.6 2.6 1.0 0.9 4.9 3.1 1.1 

II I :A 646 644 646 647 773 768 646 
~ 0.9 1.2 1.7 2.0 1.0 0.8 0.8 

a Shoulders in parentheses. b Helative intensities of band maxima. c Not measured. d Visible band numbers 
correspond to Boucl1er's nomenc1ature19 for manganese(III) porp~rins; the Soret band is band V. e Bands19 
Va and VI (nm, rel. intensity): Va, 397, 38.1; VI, 375, 38.1. Bands19 Va and VI (run, rel. intensity): 
Va, 400, 30.3; VI, 375, 32.3. 

N 
Ul 



Table 3. Electronic Spectral Data for Tris(diimine)Ru(II) 
Complexes in Solution at 23 ° 

Absor,etion Maxima Emission 
nm 

Complex log E. maximum, relative 
Solvent n-n* d-n * nm intensitya 

[Ru (bipy) 31 c12 286 453 605 100 
HzO 4.92 4.15 

XV 288 474 640 3 
SO% H20-ethanol 4.78 3.95 

XVI 289 463 615 180 
a-IC13 4.82 4.15 

XVI 286 484 660 40 
0.01 M DHAPsb 4.67 4.08 

a Luminescence intensities \vere measured at the excitation 
and emission maxima of solutions with the same absorbance at 
their excitation maxima, under identical conditions, and .'\vere 
not corrected for the photomultiplier response. b DHAPS is 
3-(dimethylhexadecylarnmonio)propane-1-sulfonate. This 
s elution also contained 0.5% D\1F. 
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