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Energy Interactions and Phospholipid Vesicles 

by 

David Edmund Baker 

ABSTRACT 

iii 

Luminescence quenching studies of uni1ame11ar phosphatidy1cho1ine 

vesicles containing a surfactant sensitizer derived from tris(2,2 1
-

bipyridine)ruthenium(II) have shown that only a fraction of these 

sensitizers is quenchable when ferricyanide is added to the continuous 

aqueous phase, and that this fraction is made up exclusively of the 

sensitizers located in the outer monolayer. The size of this fraction 

is independent of the sensitizer concentration. In contrast to this, 

the quenching rate constant increases with sensitizer concentration. 

From these observations , one can concl ude that energy transfer occurs 

among sensi ti zers located on the same surface of a vesi c1 e, but energy 

transfer between these sensitizers is not long range enough to reach 

efficiently across the membrane from inside to outside (and vice versa). 

The ex i stence of thi s energy transfer in the fi rst case has important 

implications on the kinetic scheme for photosensitized electron 

transport reactions through vesicle walls. The size of the vesicles 

studied was determined to be =500 angstroms in diameter by l\C-sucrose 

entrapment. This experimental finding in addition to the fixed fraction 

of quenchable fluorescence of 0.67 ± 0~02 implies that the surfactant 

ruthenium molecules extend a considerable distance out of the vesicle 

into the aqueous phase, and/or they are asymmetrically distributed 

between inner and outer vesicle surfaces. 
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INTRODUCTION 

Unilamellar vesicles are often used to separate reactants in 

photosynthetic mimetic processes. 1-6 As in Figure 1, surfactant photo

sensit.izers can be incorporated into the bilayer membrane and electron 

donors and accepto~s can be arranged on opposite sides of the membrane 

wall. Ford, et al., have demonstrated that a vesicle system such as 

this can allow the transport of electrons through the membrane and also 

inhibit the back reaction of the products formed. 4 

Though electron transport has been investigated, the question of 

energy transfer among sensitizer molecules either on the surface of the 

1 

vesicle or between sensitizer molecules on opposite sides of the vesicle 

wall has not been previously explored. Use of the term "energy 

transfer" in this paper is meant to include delocalization, as well as 

migration, ·of the excitation energy. 

For an electron transport system in which the sequence of reactions 

is 

S + S* 

S* + A + S+ + A

D + S+ + D+ + S 

(1) 

(2 ) 

(3) 

it is conceivable that the excitation energy of the excited sensitizer, 

S*, is transferred to other sensitizers before there is a reaction with 

an acceptor molecule, A: 

S*. + S S + S* 1n out ++ in out 

S* in (1) 

S*out(1) 

+ Sin(2) 

+ Sout(2) 

++ 

++ 

Sin(l) + S*in(2) 

Sout(l) + S*out(2) 

(4) 

(5) 

(6 ) 

, . ,r~ 



Although it was not considered in the kinetic studies of electron 

transport through the vesicle membrane,5,7 this energy transfer, if it 

occurs, can affect the rate of the electron transport reaction. The 

anticipated effect would be to increase the reaction rate if, on the 

average, more than one sensitizer is excited as a result of ~ single 

2 

excitation during the collision period of an acceptor with a sensitizer. 

In effect, energy transfer, whether it occurs by fast mi grati on or 

delocalization, can increase the reaction rate by increasing the cross-

sect i ona 1 a rea for react i on with elect ron acceptors. 

A naturally occurring example of how energy transfer can lead to an 

increase in a redox reaction rate can be found in photosynthesis. Most 

of the chlorophyll in chloroplasts is light-harvesting antenna 

chlorophyll (>991).8 These antenna molecules transfer their energy to 

other chlorophyll molecules until a "reaction center" chlorophyll is 

found and a reaction occurs, or until the energy is lost through 

fluorescence or degradative mechanisms. If antenna chlorophylls were 

unable to transfer excitation energy, the reaction rate would be at 

least two orders of magnitude smaller than it actually is. 

The sensitizer molecule used in the vesicle studies cited above is 

an amphiphilic derivative of tris(2,2 1 -bipyridine)ruthenium(II). See 

Figure 2. Al though its spectral and physical properties are somewhat 

different from its parent, its chemical properties are largely the same. 

Upon illumination (Amax =481 nm), a relatively long-lived charge transfer 

complex is formed (lifetime =0.6 ~sec in deoxygenated water).18 In the 

absence of suitable electron donors or acceptors, in deoxygenated water 

at room temperature, the excited state complex has a luminescence 

quantum yield of =0.04 (Amax =658 nm).9 

" -. 
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In the presence of suitable redox reactants, this excited ruthenium 

complex undergoes facile electron transfer reactions while in the charge 

transfer state. Upon transfer of an electron, the excited state is said 

to be quenched since it is no longer capable of emitting light. If the 

redox reaction is the result of a close encounter of the excited 

molecule with the quencher, and is influenced by the local charge and 

the viscosity of the solution, the quenching mechanism is termed 

"collisional" and the quenching rate is proportional to the product of 

the effective concentrations. 

Quenching rate = KQ[S*][QJ (7) 

As described above, the existence of energy transfer among sensitizers 

could increase the quenching rate by increasing the effective cross

sectional area of encounter with quencher~ Given [S*J and [QJ, the 

quenching rate constant KQ reflects the influence of energy transfer 

and can be used to test for its existence. Luminescence quenching, 

therefore, is a suitable tool to study the energy transfer properties of 

this ruthenium compound, and is the source of most of the conclusions 

reached in this paper. 

The Stern-Volmer treatment is the traditional way to analyze 

fluorescence quenching studies. IO In the ideal case, one obtains a 

straight line plot passing through 1.0 on the ordinate axis when the 

original fluorescence intensity divided by the fluorescence intensity at 

a given quencher concentration, Fo/F, is.plotted against the quencher 

concentration, [QJ.The slope of this line is the quenching rate 

constant, KQ, which is the product of the bimolecular rate constant and 

the lifetime of the excited molecule (see Figure 3). 
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However, in cases where some of the fluorophors are inaccessible to 

the quencher, a curve is obtained that approaches a maximum value equal 

to the inverse of the fraction not quenchable (see Figure 4).KQ for 

the quenchable fraction is not easily extracted from this curve. This 

is the type of plot expected to result from quenching studies where a 

non-permeating quencher is added to a solution of vesicles having the 

fluorescent species on both surfaces of the vesicle membrane. If, for 

example, half of the fluorophors are on the inside of the vesicles, and 

therefore inaccessible to the quencher, a maximum ordinate value of 2.0 

would be approached and not exceeded, no matter how high the quencher 

concentration is. 

To analyze cases such as these, where a fraction of the fl uores

cence is not quenchable, Lehrer modified the Stern-Volmer treatment in a 

way that makes it easier to determine the fraction of quenchable 

fluorescence and the quenching rate constant for that fraction.!! His 

method will be used here. 

Vesicle size can be determined by entrapment of l'C-sucrose. If 

the vesicles are formed in a solution containing a trace quantity of 

radioactive sucrose and subsequently gel-filtered to remove the radio

active sucrose from the continuous aqueous phase, then the amount of 

radioactivity remaining in the vesicle solution is proportional to the 

internal volume of the vesicles. Knowing also the amount of phos

pholipid used, the average,surface area occupied by a each phospholipid 

molecule, and the bilayer thickness is sufficient information for the 

calculation of the vesicle diameter. 

This method for determining vesicle size has been used here, and 

the resul ts are compared wi th ves i cl e si zes determi ned by fl uorescence 
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carrel ati on spectroscopy, negati ve-stai n electron mi croscopy, and a 

theoretical calculation based on existing literature. 

5 

Taken together, the vesicle size and the fraction of quenchable 

fluorescence have implications concerning the position of ruthenium head 

groups in the vesicle wall and the relative distribution of these amphi

philic sensitizers on the inner and outer vesicle surfaces. Depending 

on the assumptions made, it can be concl uded either that the sensiti zers 

extend out of the vesicles and are symmetrically distributed (i.e., the 

average number of ruthenium molecules per unit area is the same for both 

inner and outer surfaces), or that the sensitizers do not extend out of 

the vesicles and are distributed asymmetrically, preferentially locating 

on the outer surface. If no assumptions are made, a range of possibil

ities exists for these two aspects of vesicle geometry, but they remain 

interdependent. 

,!t, 



MATERIALS 

Unless otherwise noted, materials were obtained from commercial 

suppliers and were used without further purification. 

Vesicles were prepared from an ethanolic solution of phospha

tidylcholine (abbreviated to "PC"), which was purified from chicken egg 

yolks by Dr. S. Kohler. The purification procedure was that described 

by Singleton et al. 12 To prevent decomposition of the PC, the solution 

was stored under nitrogen at -20°C. 

The amphiphilic ruthenium compound (abbreviated to "Ru-surf") was 

derived from tris(2,2 1-bipyridine)ruthenium(II) (abbreviated to 
2+ 13 "Ru(bpY)3 ") by W. Ford. Two Cl6-hydrocarbon chains are attached to 

6 

one of the bipyridine ligands by amide linkages at the 4 and 41 

pOSitions. See Figure 2. A stock solution of this compound was made by 

dissolving it in dimethylformamide. Subsequently, the solution was 

stored in the dark at room temperature. 

Aqueous ferricyanide ion, Fe(CN)63-, was used as the quencher in 

the luminescence quenching experiments. 

All aqueous solutions were prepared with carbon-purified, deionized 

water (Millipore1s Milli-Q Water Purification System). 

Gel filtration of the vesicles for the-1-C-sucrose entrapment 

experiments was done on an 18 x 1 cm column of Sephadex G-25 Medium 

dextran beads. 
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METHODS 

All measurements were carried out at room termperature (22.5 ± 

- -l.0 0c) and vesicle sol utions were ai r-saturated. 

7 

In all of the vesicle preparations used for luminescence quenching, 
--':'6 

the bulk Ru-surf concentration was held constant (=6xl0 M), as 

determined by absorption (Cary model 118 spectrophotometer) at 481 nm 

-1 -1 14 (£ = 12,000 M cm). The amount of PC was varied to achieve 

PC:Ru-surf ratios of approximately 10, 15, 20, 30, 50, and 1~0 to 1. 

Typically, 1 to 2 ~1 of Ru-surf stock solution (=0.025 M) was mixed 

with 10 to 80 ~1 of PC stock solution (=0.037 M), depending on the 

ratio desired. The mixing was done in a small conical testtube to 

minimize material loss. Un-iform mixing was ensured by pumping the' 

solution in and out of a Hamilton syringe (25, 50, or 100 ~1) several 

times. The Ru-surf stock solution was sealed and returned to the dark 

immediately after use. The air space above the PC stock solution was 

flushed briefly with nitrogen before sealing and returning it to cold 

storage. 

To form the vesicles, a measured volume of the PC/Ru-surf solution 

was injected (Hamilton syringe) into 4.0 m1 of 1.0 M ammonium acetate 

buffer while agitating the solution as vigorously as possible on a 

vortex mixer. 15 The tip of the syringe needle was not submerged, but 

care was taken that the organic solution struck the aqueous phase with-

out first contacting the glass tube wall. Vortexing of the mixture was 

continued for about 15 seconds. It has been shown that this injection 

method produces fairly monodisperse vesic1es. 16 

Three milliliters (volumetric pipette) of the resulting solution 

was dispensed to a 1.00 x 1.00 cm quartz cuvette with four polished 

.,'. ," ::~ 
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sides. The solutionis absorption at 481 nm was determined before adding 

quencher. 

Luminescence quenching was measured on a Perkin-Elmer model MPF-2A 

fluorescence spectrophotometer equipped with a red-sensitive, type 

R-136, photomultiplier (Hamamatsu TV Co.). Luminescence was detected at 

a right angle to the excitation. Excitation was at 481 nm(slitwidth = 

3 nm) and emission was detected at 658 nm (slitwidth = 8 nm). The 

reference adjust and sensitivity settings were adjusted to give an 

initial luminescence signal height that was at least 80% of the chart 

paper width. Care was taken to use the same cuvette holder position and 

to use the same cuvette faces for excitation and emission, as these 

factors were observed to infl uence the signal significantly. 

( 3-Additions of the quencher, 0.05 M K3Fe CN)6 ,were made by lambda 

pipette in some experiments and Hamilton syringe in others. Mixing was 

achieved by pumping the solution in and out of a disposable-tipped 

"Pipetteman". The luminescence intensity of the resulting solution was 

recorded for at l~ast 30 seconds to obtain a value less sensitive to 

momentary fluctuations. The absorption at 481 nm was recorded after 

each addition of quencher to note the effect of Fe(CN)63- on the light 

available for Ru-surf absorption. Over the range of Fe(CN)63- concen

trationused «5x10-4 M), Fe(CN)63- absorption at 481 nm was calculated 

to be insignificant. 

In one experiment, Fe(CN)63- was present in the buffer before the 

vesicle material was injected. This allowed quencher to be present 

inside as well as outside of the vesicles. Eight vesicle solutions with 

different Fe(CN)63- concentrations (0 to 4x104- M) were prepared using 



identical volumes of the same PC/Ru-surf mixture. The absorption and 

luminescence of each was then measured as in other experiments. 

With the instrument used, the reproducibility of the 1 uminescence 

signal height for a given sample is not guaranteed. In one experiment, 

to correct for this, a reference cuvette containing an aliquot of the 

same vesicle solution used for the experiment was used to obtain Fo for 

each F determined at a given quencher concentration. Another cuvette 

containing a vesicle solution without Ru-surf was used to obtain a 

baseline measurement for each F. Corrected F values were different but 

not significantly different to alter the qualitative conclusions of 

these experiments (aKQ < 3%)~ 

Vesicles used in the lItC-sucrose entrapment experiments had a 

PC:Ru-surf ratio of 20: 1. They were formed in the same manner as the 

vesicles used for luminescence quenching except for the presence of 

9 

IIco1 dll and II hot ll sucrose (=1 x10-3 M), and that the vol ume of PC: Ru-surf 

solution injected was about double to compensate for dilution during gel 

filtration. These differences should not affect the vesicle size. 16 

Two of these experiments were performed usi ng different amounts of 

labeled and unlabeled sucrose. Although the second run used about ten 

times the amount of l~C to improve the counting reliability, the vesicle 

dimensions calculated from each were nearly the same. The procedure for 

this latter experiment will be described here. 

All sucrose solutions were freshly prepared for the experiment to 

eliminate problems with bacterial growth. 

0.56 m1 of labeled sucrose solution (50 ~Ci/967 ~1) was syringed 

into the testtube in which the vesicles were to be prepared. 3.044 m1 

of a stock solution of ammonium acetate and unlabeled sucrose was added 
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to give a solution that was ~1.0M CH3COONH4 and ~2.5x10-3 M total 

sucrose. 2.4 ~l of Ru-surf solution (~0.02 M) was mixed with 25.6 ~l of 

PC solution (~0.04 M), and 24.0 ~l of the resulting solution was 

injected, as described previously, into the radioactive buffer to form 

vesicles. 10 ~lof this solution was analyzed by liquid scintillation 

counting (Packard model 460) to obtain the concentration of radio

activity. 

After an 'absorption spectrum was taken, 3.0 ml of the vesicle 

solution was passed through a gel filtration column (see materials 

section) to replace the "hot" continuous aqueous phase with "cold" 
/ 

buffer which was equivalent in ammonium acetate and total sucrose con

centrations. The fractions collected off the column containing Ru-surf 

(yellow fractions) were reappl ied to the column three more times to 

ensure that all of the l~C-sucrose not contained in the vesicles was 

removed. The test for this was as follows. 

After the third pass, the two 0.5 ml fractions with the most Ru-

surf were combined for an absorption spectrum to determine the amount of 

Ru-surf present. Subsequently, 0.5 ml of this solution was analyzed for 

its radioactivity. The remainder was used with the other Ru-surf frac-

ti ons for the fourth pass. In the same manner, the two 0.5 ml fracti ons 

containing the most Ru-surfafter the fourth filtration was analyzed for 

Ru-surf and radioactivity. The ratio of these quantities was compared 

with the ratio obtained after the third filtration. The ratios were the 

same within experimental error and therfore, no additional filtration 

was needed. 

Of importance for the. calculation of vesicle size is the concen-

tration of PC used. This was determined by evaporating the solvent from 
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a measured volume of the solution under a stream of nitrogen and also by 

evaporation under high vacuum. A 50 pl aliquot of PC stock solution was 

dried in each case and both methods gave the same concentration of 31.8 

mg/ml. A Mettler single-pan micro balance was used for these mass 

measurements with which a preciSion of ±2 pg can be achieved. t 

t Upon full release of the weighing pan, the reading given by this 
Mettler balance drifts for up to fifteen minutes. It may be a 
positive drift or a negative drift. Obtaining reproducible results 
(±2 pg) requires that the reading be stable for a least one minute. 
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RESULTS AND DISCUSSION 

Energy Transfer in Vesicles 

Lehrer's modified Stern-Volmer treatment allows one to calculate 

the fraction of quenchable fluorescence and the quenching rate constant 

for that fraction in collisional quenching studies where not all of the 

emitter is accessible to quencher. The relation he derives is l1a 

1 1 
= + (8) 

where Fo is the fluorescence intensity in the absence of quencher, AF is 

the amount the fluorescence intensity decreases for a given quencher 

concentration [0], fa is the fraction of quenchable fluorescence, and 

KO is the quenching rate constant for that fraction. A plot of Fo/AF 

versus 1/[0] should yield a straight line of slope" (faKo)-l and 

intercept l/fa' with KO equal to the intercept divided by the slope. 

In the special case where all of the fluorophors are accessible 

(fa = 1), the straight line will pass through the ordinate value 1.0 as 

in the traditional Stern-Volmer treatment, but the slope will be the 

inverse of KO. 

Ouenching experiments were performed on several vesicle" prepara ... 

tions differing in their PC:Ru-surf ratios as described above. Plots of 

Fo/AF versus 1/[0] were drawn for each, e.g. see Figure 5. Error bars 

were constructed from the maximum and minimum luminescence values that 

may be interpreted from the raw data. Since the error limits differ 

greatly in magnitude from point to point, the line used to extract KO 

and fa is not a simple least squares line. Instead, they were extracted 

from the highest sloping 1 ine that could be drawn through all or all but 
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one of the error ba rs, and averaged with those extracted from the lowest 

sloping line that met the same criteria. The values obtained are 

tabulated in Table 1. A graphic comparison of the raw data from which 

some of these tabulated values were derived, is presented in Figure 6. 

For any given experiment, it is observed that a fraction of the 

excited Ru-surf is not quenchable. Since Fe(CN)63- is added only after 

the vesicles are formed, it is likely that this unquenchable fraction is 

made up of Ru-surf located on the inner surface of the vesicle wall. 

Fe(CN)63- is not expected to permeate the membrane because it is bulky 

and has a high negative charge. 

To verify that it is inner Ru-surf that was not being quenched, an 

experiment was performed in which vesicles were formed in the presence 

of quencher. Eight vesicle solutions were prepared with differing 

amounts of Fe(CN)63- present •. In this case, Fe(CN)63- would be expected 

to be found on the inside as well as the outside, and to have access to 

all of the excited Ru-surf. The straight-lined Stern-Volmer plot 

passing through 1.0 verifies this (see Figure 7). 

There are two important observations to be made from the data in 

Table 1: (1) fa is independent of PC:Ru-surf with an average value of 

0.67 (std. dev. = .02), and (2) above a critical amount of Ru-surf 

(PC:Ru-surf = 30:1), KQ increases with the Ru-surf concentration in the 

vesicle wall. 

The first observation allo~s one to conclude that energy transfer 

between sensitizers on opposite sides of the vesicle wall cannot take 

place, or that the rate is so slow that it is not competitive with 

luminescence or internal conversion. This follows from the argument 

presented in the succeeding paragraph. 
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Considering measurements done at only one PC:Ru-surf ratio, one 

cannot conclude that energy transfer does or does not take place between 

sensitizers on opposite surfaces of a vesicle. The fa determined may 

represent only the fraction of sensitizers that are on the outside 

vesicle surface, or it may represent the fraction on the outside plus a 

fraction of the sensiti zers on the inside that are "close enough" to 

outside sensitizers to transfer energy.. If the latter case were true, 

then increasing the Ru-surf concentration would increase the fraction of 

inside sensitizers that are able to transfer their energy to outside 

sensitizers. Consequently, the fa would be expected to increase with an 

increase in Ru-surf concentration. In the former case, fa would be 

constant and independent of Ru-surf concentration. As Figure 8 shows, 

the fa I s obtained for different PC/Ru-surf vesicles are scattered around 

an average value of approximately 0.67 and are independent of Ru-surf 

concentration. Therefore, we conclude that energy transfer across the 

membrane does not take place on the time scale of the luminescence. 

The question arises that if energy transfer is not observed between 

sensitizers on opposite sides of the membrane, how can electron trans

port across the membrane be explained, which was reported previously;4 

electron transport is generally thought of as a short-range process when 

compared to energy transfer. This paradox can be understood by 

considering the lifetimes of the species that are involved in these 

processes. The excited state lifetime of Ru-surf at room temperature in 

air-saturated aqueous solution is approximately 0.4 psec. 18 In 

contrast, oxidized Ru-surf will have a much longer lifetime. It will 

exist until an electron is transported to it from a Ru-surf on the 

inside of the vesicle, or until it back reacts with a reduced acceptor. 
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Therefore, electron transport is observable because of the comparatively 

long lifetime of oxidized Ru-~surf. 

The second observation, above, is evidence that energy transfer 

does occur among Ru-surf on the same side of the vesicle wall. 

As described in the introduction, the presence of excitation energy 

transfer can affect the quenchi ng rate constant KQ by i ncreas i ng the 

sensitizer's effective cross-sectional area for reaction with an 

electron acceptor. The rate of energy transfer is a function of the 

distance between sensitizers. 19 This distance can be controlled by 

varying the concentration of the sensitizer in the vesicle wall. 

Therefore, KQ will be dependent on the sensitizer concentration if a 

significant rate of energy transfer is present. 

If the energy transfer rate is significant between Ru-surfs, a plot 

of KQ versus Ru-surf concentration is expected to have lower and upper 

limits, and as a consequence of the two limits, a smooth S-shaped curve 

connecting them. This expectation derives from the relation that the 

average "nearest neighbor" distance between sensitizers has to the 

concentration of sensitizer. 

To obtain this relation, a computer program was written to simulate 

randomly distributed Ru-surfs on a portion of the vesicle surface. The 

program generates pseudo-random numbers that are used as coordinates for 

points representing Ru-surfs on a 100 x 100 Cartesian coordinate system. 

After a specified number of points are generated, which determines the 

simulated concentration"of Ru-surf, the distance of the nearest 

neighboring point to each point is calculated. An average nearest 

neighbor distance is then calculated for that concentration. This 

procedure was repeated for several different concentrations of Ru-surf 



(see Figure 9). For mole fractions (moles Ru-surf/moles PC + Ru-surf) 

less than 0.1, the average nearest neighbor distances demonstrate an 
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inverse square root dependence on concentration, and were calculated to 

be 0.52 ± 0.02 of the square lattice distances. 

With regard to the anticipated plot of KQ versus Ru-surf concen

tration, the lower limit of KQ will be obtained at low Ru-surf 

concentrati ons where nearest neighbor di stances are gr~atest. Here, 

"low" concentration is meant to imply that the distances between 

sensitizers are great enough that energy transfer is not likely to occur 

during a collision period. Therefore, even though the first derivative 

of the nearest neighbor distance with respect to concentration is large, 

KQ will be independent of concentration. 

The upper limit of KQ will be approached at high concentrations of 

Ru-surf. Here, "high" concentration corresponds to the nearly flat 

region in the nearest neighbor distance versus concentration plot. In 

this region, the nearest neighbor distance is almost independent of 

concentration, and hence, so is the rate of energy transfer. 

Consequently, the slope of KQ versus Ru-surf concentration will be 

nearly zero at high Ru-surf concentration. 

Connecting the high and low concentration ends of this plot with a 

smooth curve will give the curve an S~shaped appearance. 

The experimental plot of KQ versus the mole fraction of Ru-surf is 

in agreement with our simple model (see Figure 10). In experiments 

using lower Ru-surf concentrations (PC:Ru-surf = 100, 50, and 30), the 

value of KQ is the same within experimental error. For larger Ru-surf 

concentrations (PC:Ru-surf = 20, 15, and 10), KQ increases and appears 

to be approachi ng a maximum val ue. Therefore, we concl ude that energy 
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transfer does occur among Ru-surf on the same side of a vesicle 

membrane. 
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If one considers the ma~nitudes of the Ru-surf nearest neighbor 

distances in the vesicles where KQ was observed to increase, the 

existence of energy transfer becomes reasonable. For the PC:Ru-surf 

ratios of approximately 30, 20, 15, and 10, the average nearest neighbor 

distances are only 2.9, 2.~, 2~1, and 1.8 molecular units, respectively. 

As will be discussed in a subsequent- section, the area occupied by a PC 

molecule is approximately 70 A2. Making the rough approximation that 

Ru-surf and PC occupy the same amount of area, the above distances 

correspond to 24.5, 20, 17.5, and 15 A, respectively. The lowest 

possible nearest neighbor distance is 1.0 molecular unit (8.5 A), which 

corresponds to two Ru-surfs located side by side. 

Claiming energy transfer is present on the surfaces of vesicles and 

yet absent across vesicle walls would not seem so reasonable if a square 

1 atti ce arrangement had been assumed (i ncorrectl y) for Ru-surfs. As 

specified above, the average nearest neighbor spacing is about half of 

the lattice spacing. Therefore, the lattice distances for PC:Ru-surf 

ratios of 30, 20, 15, and 10, would be approximately 49, 40, 35, and 30 

A, respectively. As will be discussed later, the thickness of the 

vesicle wall is expected to be 45A. Since this thickness is comparable 

to the lattice distance, one might have concluded thatt'ransmemb-rane 

energy transfer is possible if lateral energy transfer exists. 

Electron Transport Kinetics and Energy Transfer 

The existence of energy transfer among Ru-surfs on the surface of 

vesicles has a direct impact on proposed kinetic schemes for photo

sensitized electron transport through vesicle membranes. 5,7 
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This process involves dye molecules (Ru-surf) located on both 

surfaces of a vesicle bilayer membrane (PC), acceptor molecules in the 

continuous aqueous phase (heptyl viologen, C7V2+), and donor molecules 

in the aqueous phase inside the vesicle (EDTA). The sequence of reac

tions begins with an outer excited sensitizer (*Ru-surf) reducing C7v
2+. 

Subsequently, the electron-deficient Ru-surf is restored to its original 

state by an i nne·r Ru-surf transferri ngan electron to it through the 

membrane. Finally, EDTA reduces the oxidized inner Ru-surf. 

The kinetic scheme proposed by Ford (s~e Figure 11) involves five 

states. The subscripted k's denote rate constants for the reactions. 

State A is the unperturbed ground state. State B resul ts upon 

absorption of a photon (rate = I) by an outer Ru-surf. At this point, 

*Ru-surf ei ther decays to the ground state A by 1 urni nescence or i nterna 1 

conversion (ko)' or it is oxidatively quenched by C7V2+ (k1) resulting 

in state C. Back transfer of electrons (k2) from C7V2+ to the oxidized 

Ru-surf (k2) competes with electron transport (k3) across the membrane, 

state 0, which is assumed to be reversible to state C (k_3). Oxidation 

of EOTA by Ru-surf (k4) is irreversible because of fragmentation and 

addition of water. 

"With the steady-state approximation that the concentrations of 

*Ru-surf and its oxidized form are very small and the assumption that 

k3 equals (k_3), the overall quantum yield of photochemistry (sequence A 

+ E) is given hy: 

= • (9 ) 

= (10) 

,-



". 

19 

in which ~AC and ~CE are the yields for sequences A + C and C + E. 1I5 

A major point of Ford's work is that, based on quantum yields and 

rate laws derived from the proposed kinetic scheme, two possible mech

anisms for electron transport across the membrane can be distinguished. 

The two mechani sms are: (1) Diffusi on of ox idi zed Ru-surf from the 

outside of the membrane to the inside, and (2) transfer of electrons 

from Ru-surf inside to oxidized Ru-surf on the outside (electron 

exchange) • 

Kinetically the two mechanisms are different; diffusion is uni-

molecular and exchange is bimolecular. Therefore, k3 and k_3 are either 

unimolecular rate constants, or pseudo-unimolecular rate constants 

containing Ru-surf concentration factors. This difference affects the 

predicted effect on the quantum yield of photochemistry upon altering 

the Ru-surf concentration. For case (1), one would predict that the 

quantum yield would remain constant since k3 and ostensibly no other 

rate constants are functions of [Ru-surfJ. On the other hand, if case 

(2) were the actual mechanism, one would predict the quantum yield 

would be affected. Ford's experimental results show that increasing [Ru

surfJ by a factor of 2.8 ± 0.2, from PC:Ru-surf = 20:1 to 7:1, increased 

the quantum yield by a factor of 2.2 ± 0.3. Therefore, he concludes 

that electron exchange, is the actual mechanism. 

However, the validity of this conclusion has to be questioned in 

light of the energy transfer study presented here. Energy transfer 
... 

increases the quenching rate constant, k1/(k1 + ko) •. Though not 

recognized by others describing the kinetics of this process, k1 must 

also be a function of [Ru-surfJ. Therefore, simply comparing overall 



quantum yi e 1 ds fran experiments di fferi ng in [Ru-surf] wi 11 not assess 

the relative magnitudes of k1
1s and k31S dependence on [Ru-surf]. 

If one compares the increase in quenching rate constants in the 

Fe(CN)63- quenching experiments with the increase in the quantum yield 

found in Ford's electron transport study, a remarkable similarity is 
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found. In going from a PC:Ru-surf ratio of 32 ± 1 to a ratio of 11 ± 1, '" 

which is a factor of 2.9 ± 0.3 increase in [Ru-surf], the quenching rate 

constant increases by 2.1 ± 0.3. This is nearly identical with Ford's 

increase in the overall quantum yield for a similar change in [Ru-surf]. 

Based on the similarity of these values, one should not conclude 

that energy transfer is totally responsible for the increase, since the 

studies involve two different quenchers and two PC/Ru-surf concentration 

ranges that are not identical. However, one can make the qualitative 

conclusion that the increase in energy transfer does contribute to the 

increase in quantum yield, since in both cases the quenching is colli

sional via electron transfer, and the quenching rate constants, both . , 
being diffusion limited, are comparable under similar conditions. 21 

It is likely that both kl and k3 depend on [Ru-surf] and affect the 

quantum yield. The magnitude of k1
1s influence could be determined by 

performing a 1 uminescence quenchi ng study using C7V2+ as quencher. k IS 
3 

influence could then be deduced fran the difference between the total 

change in quantum yield and k1
1s contribution to that change. The 

Fe(CN)63- quenching study suggests that when [Ru-surf] is altered, 

energy transfer affects the quantum yield more than electron transport. 

As a result of this additional experimentation, if the quantum 

yield increase can be totally actounted for by the increase in quenching 

rate constant, then k3 I S presumed dependence on [Ru-surf], and therefore 



the electron exchange mechanism, could no longer be justified by this 

kineti~s rationale. 
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Ford's work contains two arguments supporting electron exchange 

through the vesicle membranes: {1} the quantum yield's dependence on 

[Ru-surf] discussed above, and {2} an approximate rate constant 

determination for electron transport across the vesicle walls. The 

second argument shows that the observed rate of electron transport is 

too fast to be a result of Ru-surf diffusion, and is consistent with 

electron exchange. The energy transfer study presented here gives an 

alternative interpretation for the evidence cited in the first argument 

that makes the argument inconclusive. However, Ford's second argument 

remains intact, and therefore, so does his conclusion that electron 

transport occurs by electron exchange rather than Ru-surf diffusion. 

Wamser l s kinetic scheme differs from Ford ' s primarily in the 

addition of a "correlated radical pair" state where the redox products, 

C7V+ and oxidized Ru-surf, are held in proximity of each other. 22 From 

this state, separation, back reaction, or reduction by another Ru-surf 

can occur {see Figure 12}. The pseudo first-order rate constant for 

reduction, kd is dependent on [Ru-surf]. 

Inclusion of this IIcorrelated radical pair" state seems to remedy 

an apparent discrepancy in Ford's kinetic equations and his experimental 

results. Ford's overall quantum yield equation (Eqn. 10, above) indi

cates that the quantum yield is dependent on [Ru-surf], since k3 is a 

pseudo first-order rate constant dependent on [Ru-surf]. The initial 

quantum yield equation, in contrast, is not dependent on [Ru-surf] since 

the factor in the equation containing k3 drops out of the initial rate 

law leaving 
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Initi al ~ AE = (11 ) 

This occurs because k2 in Eqn. 10 is another pseudo first-order rate 

constant and is dependent on the steady-state concentration of oxidized 

Ru-surf, which is initially zero. One would conclude, therefore, that 

the initial rate at which C7V+ is produced is independent of [Ru-surf]. 

This, however, was not the result found by Ford; instead, the vesicle 

solution with the higher [Ru-surf] had a higher initial rate. 5a 

In Wamser1s kinetic model, this discrepancy is not found. In his 

initial rate law, k3 drops out as it does in Ford1s, but kd does not; 

therefore, the initial rate law retains [Ru-surf] dependency. 

Fran this fact and citing Ford1s experimental finding as support, 

Wamser concludes: "In cases in which increased sensitizer produces an 

increase in initial rate, •••• electron transport to the [correlated 

radical pair] occurs as well as the normal electron transport [from 

inner Ru-surf to uncorrel ated ox idi zed Ru-surf]." 

This conclusion, however, is not adequately supported, because 

here again, the effect of energy transfer on the initial rate was not 

considered. Therefore, the rates of electron transport either to a 

correlated or an unc·o.rrelated oxidized Ru-surf must remain in question. 

Vesicle Size by Radioactive Isotope Trapping 

An attempt to detennine the size of vesicles regularly prepared in 

this laboratory by the injection method has been carried out using a 

radioactive isotope trapping technique. 15a Other attempts have been 

made using negative stain electron microscopy23 and fluorescence 

correlation spectroscopy.24 In addition, the literature gives some idea 
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of the size to expect ba~ed on the phospholipid concentration in the 

ethanol solution injected. 16 However, all three of the latter values 

differ for reasons that will be discussed. 
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As mentioned in the ·introduction, determining the amount of radio-

activity contained inside vesicles formed in a radioactive buffer 

solution can lead to a value of the vesicle size. The total internal 

volume of all the vesicles in a preparation is given by the expression 

total internal aqueous volume 4 3 
= 3' 11' r i nv {12 } 

where r i is the average inner radius and nv is the total number of 

vesicles. This total internal volume is also related to the disinte-

grations per minute observed, [dpm]obs' in an aliquot of the gel 

filtered vesicles. 

total internal aqueous volume = [dpm]obs fdil 

[dpm]stock 
{13 } 

where [dpm]stock is the radioactivity of the stock solution, and fdil is 

a filtration dilution factor. The total number of vesicles is given by 

n 
nv = s 

ns/ v 
(14 ) 

where ns is the total number of surfactant molecules (PC and Ru-surf) 

injected to form vesicles, and ns/ v is the average number of surfactant 

molecules per vesicle. ns/ v can be determined by considering the com

bined areas of the inner and outer vesicle surfaces, (a; + ao)' and the 

average area per surfactant molecule, as. 

ns/ v = 
a. + a 

1 0 

as 
(15 ) 



An assumption has to be made as to the thickness of the phosphol i pid 

bilayer to determine the total surface area. 

a· + a = 
1 0 

41T r . 2 + 41T r 2 
1 0 

(16 ) 

= 4 [ 2 ( t}2] 1T r i + r i + (I7) 
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wheret is the thickness of the bilayer. Combining the above equations .-

yields 

[dpm]obs f dil 

(dpm]stock 
= 

3[r/ + 

from which r i can be calculated. 

(18 ) 

Sucrose was chosen as the radioactive probe because the membrane is 

relatively impermeable to it. Sucrose leakage out of the vesicle after 

gel filtration would render the experiment useless. However, the 

leakage is expected to be negligible during the time course of the 

experiment in light of experiments by Katz and Oiamond. 25 The test for 

the completeness of outer lltC-sucrose removal described in "Methods" 

supports this expectation. That is, if lltC-sucrose would have leaked 

out of the vesicles at an appreciable rate, a constant ratio of Ru-surf 

to radioactivity would not have_been obtained after successive gel 

filtrations~ 

Assumptions as to the average surfactant molecular area and the 

thickness of the bilayer have to be made to calculate the vesicle size. 

From x-ray diffraction, Small obtained 71.7 Al as the area per molecule 

and 45.6 A as the thickness of the bilayer for unsonicated phosphatidyl

choline (PC) in water. 26 From electron micrographs, Bangham and Horne 

measured the thickness of a single bilayer and found it to be 44.2 A 
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across. 27 Johnson et al. reported an area of 66 A2 for PC mol ecul es in 

. a vesicle surface using an indirect surface potential method. 28 More 

recently, Huang and Mason described PC vesicles that are 210 A in 

diameter as being asymmetrical structures with molecules in the outer 

monolayer occupying and average surface area of 74 A2 while molecules in 

the inner monolayer occupy 61 A2.29 They attribute this a~ymmetry to 

the constraints imposed by the high curvature in these smallest of PC 

vesi cl es. Their concl usi ons are based on a combi nati on of 31 P NMR 

experiments employing a shift reagent, which gives a ratio of the number 

of outer to inner PC molecules, and hydrodynamic data, which gives the 

hydrated vesicle radius, the vesicle weight, and the partial specific 

volume of the lipid. Subsequently, Cornell et al. reexamined Huang and 

Mason's physical data in terms of conv,entions used by Small and found 

them to be consistent. 3D They conclude that the area occupied per 

phospholipid molecule and the thickness of the bilayer are the same in 

vesicles as in a planar bil-ayer. The area they determined per phospho

lipid at the hydrocarbon/water boundary is 72.5 ± 1.5 A2 and the overall 

bilayer thickness is in the range 45.7 ± 0.1 A. The phosphorylcholine 

group, they suggest, may occupy a greater or 1 esser surface area as it 

conforms to the geometry of the envi ronment it is in. If it is located 

on the inside surface of a vesicle it adopts a more extended configura-

tion with the N(CH)3 nitrogen directly above the phosphorus. If located 

on the outside surface, th~ phosphorylcholine group lies roughly 

parallel to the membrane surface. 

For the numerous studies performed to determine the surface area of 

PC molecules, it appears that 68 ± 4 A2 is a range that includes most of 



them. Even in Huang and Mason's asymmetrical case, an average PC area 

of 69 A2 is found. 29 
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45 ± 1 A is a thickness range that seems to be reliable. Litera

ture values of under 40 A can be found,31 but these values were obtained 

from el ectron densi ty profil es whi ch measure the di stance between 

phosphate groups in opposing monolayers. It is assumed in these cases 

that the choline groups are in the same spherical shell as the phosphate 

groups, but this' contradicts the.conclusions of Cornell et ale mentioned 

above. 

Using 68 ± 4 A2 as the area and 45 ± 1 A as the thickness, the 

l~C-sucrose trapping experiment gave an average overall vesicle diameter 

of 505 ± 27 A. This result was obtained from the experiment described 

in Methods. An earlier experiment using only a tenth as much l~C_ 

sucrose yielded a similar value of 546 A. Although the total counts 

were very low and therefore less reliable, the agreement of the values 

is seen as an· indication that the experimental procedure is 

reproducible. 

This vesicle diameter of .. 500 A falls within the range determined 

by laser fluorescence correlation spectroscopy (LFCS) in this labora

tory.24 The comparatively small uncertainty range of ±27 A obtained in 

the 1 ~ C-sucrose entrapment experiments serves as a refi nement to the 

rather large range, 720 ±.300 A, that resulted from the LFCS experi

ments. 505 ± 27 A is now the most reliable value for the average 

diameter of vesicles that are regularly prepared in this laboratory by 

the injection method. 

An earlier attempt by this investigator to determine vesicle size 

with electron microscopy was largely unsuccessful. Vesicle samples were 
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negatively stained with uranyl acetate. Diameter sizes were obtained on 

the order of 150-200 A, which seemed too small in light of the litera

ture on PC vesicles. 28 ,32 Questions concerning vesicle dehydration 
, 

resulting in size-distorting effects went unresolved, and therefore, the 

validity of the results remained in question. With the results of the 

l-C-sucrose experiments, it can be concluded that dehydration effects 

are important. 

Kremer et al. provided a theoretical basis for determining vesicle 

size based on the phospholipid concentration in the ethanolic solution 

that is injected into rapidly stirred buffer. 16 Before experimentation, 

they speculated that lithe molecular weight and the radius of the 

vesicles produced by the injection method may depend on the injection 

velocity, the final alcohol concentration in the buffer, and the lipid 

concentration in the alcohol.1I They also considered the rate of 

stirring during injection and the size of the vessel. They concluded 

that "only the lipid concentration in the injected ethanol influenced 

the molecular weight and radius of the lipid particles markedly." From 

their experimental results using dipalmitoylphosphatidylcholine, and 

dimyristoylphosphatidylcholine, one could predict that injecting 0.04 M 

PC (i.e., the PC concentration used by this investigator) would result 

in vesicles on the order of 1000-1200 A in diameter. However, to do 

this assumes that the double bonds found in egg PC hydrocarbon chains 

will not have an effect on size. Also, though Kremer investigated the 

effett of injection rate, the range of rates was limited to 10-4 to 

5x10-2 ml/min. This is well below the 1.5 ml/min rate estimated for 

vesicle preparations discussed in this paper. Here again, the results 



of the l-C-sucrose experiments suggest that these experimental 

differences cannot be ignored. 

Luminescence Quenching and Vesicle Geometry 
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In addition to the radioactive isotope trapping results, the 

luminescence quenching data provide information as to the size of the 

vesicles. As described previously, luminescence quenching of Ru-surf in 

the membrane by Fe(CN)63- in the continuous aqueous phase allows the 

calculation of the fraction of luminescence that is quenchable, i.e. the 

fraction of the Ru-surf located in the outer phospholipid monolayer. If 

the number of Ru-surfs per unit area is the same on both sides of the 

vesicle then the distribution is termed "symmetric". Hence for sym-

metric vesicles, the fraction of quenchable luminescence fa' is equal to 

the fraction of the vesicle surface area making up the outer surface. 

= (19) 

where ro and r i are the outer and inner radii. This fraction is com

pletely determined by two variables: the thickness of the vesicle wall 

t, defined by the average distance separating the ruthenium head groups 

of inner and outer Ru-surfs that are directly across the wall from each 

other, and either the inner radius or the outer radius. 

= 
( r _ t)2 + r 2 

o 0 

(20) 

Therefore, if an assumption is made about the thickness, then the radius 

can be experimentally determined. 



t (1 
= 

2 f -1 
a 

1 ) 
(21) 

Two questions arise in considering this equation. First, is it a 

valid assumption that the vesicles are symmetric with respect to Ru-

surf? Second, is the thickness of the wall as defined above, the same 

as the value determined for the thickness of a PC bilayer, i.e. could 
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the ruthenium head groups on the average be "buried in" or "sticking out 

of" the PC bilayer? Neither of these questions can be definitively 

answered using the data presented here, but the range of possibilities 

can be considered for future verification. 

As to the symmetry of the bilayer, it would seem that the random

ization of the injection process and the repelling force of the 2+ 

charges on each Ru-surf would impose symmetry on· the vesicle. However, 

the electrostatic repulsion may be neutralized by the electrolyte 

concentration in the buffer (1 M CH3COONH4), and the different config

urational constraints of the inner and outer monolayers may offset the 

entropic effects of the(vigorously stirred solution. 

If one assumes that the vesicles, 505 A in diameter with 45 A thick 

PC bilayers, are symmetric with respect to Ru-surf, one can calculate 

the distance separating the head groups of inner and outer Ru-surf with 

the above equation. Knowing that fa is 0.67 ± 0.02, and substituting 

(252.5 + x) for ro and (45 + 2x) for t, leads to an additional thickness 

of 16.7 ± 5.0 A for each monolayer, i.e. the ruthenium head groups stick 

out of the bilayer on the average between 12 and 22 angstroms. 

Support for this configuration comes from comparing the quenching 

rate constant of *Ru-surf in vesicles with the quenching rate constant 



of *Ru(bpY)32+ in homogeneous aqueous solution. With Fe(CN)63- as 

quencher in 1 M CH3COPNH4, the rate constants are very similar at 

=3.5xl03 M-1 and =2.4xl03 M- 1, respectively. If the ruthenium head 

groups were at all. buried in the PC bilayer, one would expect the 
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quenching rate constant to be lower since they would be less accessible 

to the Fe(CN)63-; but the quenching rate constant is not lower. 

Support al so canes fran theabsorpti on spectra of Ru-surf. As 

noted by Ford 13b, absorption by Ru-surf is solvent dependent. The Ru-

surf absorption spectrum in vesicles is like its spectrum when it is 

dissolved in water without vesicles, and unlike its spectra in apolar 

solvents. This is consistent with the idea of Ru-surf protruding into 

the aqueous phase. 

Alternatively, if one assumes that opposing ruthenium head groups 

are separated by the same distance as the thickness of a PC bilayer, 

i.e. neither buried nor protruding, then one must conclude that there is 

an asyrnnetry in Ru-surf distribution. A synmetric distribution for 505 

A diameter vesicles with 45 A thick bilayers would result in a fraction 

of quenchable luminescence of 0.60. Therefore, given the above assump

tion, Ru-surf must preferentially locate on the outer surface to achieve 

a fa of 0.67. It could be postulated that this is because the packing 

is not as strained at the outer surface, where the curvature spreads out 

the phosphorylcholines, as it is. at the inner surface, where the cur-

vature packs the phosphorylchol ines closer together. 

Either of the configurations postulated above may describe the 

actual structure of the vesicle. A third alternative is also possible, 

which is sane combination of the first two configurations. That is, the 
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rutheniLm head groups may stick out of the vesicles something less than 

16.7 ± 5.0 A on the average and have a concomitant asymmetric 

distribution that is less pronounced than described above. The two 

features are interdependent; one must be balanced by the other to give a 

fa of 0.67. 
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SUMMARY 

A 1 uminescence quenching study was performed with an amphiphil ic 

derivative of tris(2,2 1 -bipyridine)ruthenium(II) situated at the surface 

of vesicle membranes. The average value of the fraction of quenchable 

fluorescence is 0.67 (std. dev. = 0.02), and is independent of the 

ruthenium compound's concentration. The quenching rate constant, on the 

other hand, increases with rutheni um concentrati on. These observati ons 

lead to two conclusions: 1) Energy transfer between ruthenium sensiti

zers on opposite sides of the vesicle wall does not take place on the 

time scale of luminescence, and 2) Energy transfer does occur among 

ruthenium sensitizers on the same side of the vesicle wall. 

Energy transfer among ruthenium sensitizers on the surfaces of 

vesicles increases the quantum yield in experiments that use this sensi

tizer to demonstrate photosensitized electron transport through vesicle 

walls. However, investigators who have studied this transport process 

failed to consider the impact of energy transfer in their kinetic 

schemes. As a result, some arguments they present are inadequately 

supported. 

Vesicle size can be determined by measuring the amount of radio

activity trapped inside vesicles that are formed in a buffer containing 

a known concentration of radioactive sucrose. Phosphatidylcholine 

vesicles regularly made in this laboratory by the "injection" method 

were determined to have an average diameter of 505 ± 27 A. 

If it is assumed that the surface concentration of ruthenium 

sensitizer is the same on both sides of the vesicle wall, then from the 

fraction of quenchable fluorescence and the vesicle size determined by 

radioacti've suc.rose entrapment, it can be calculated that the ruthenium 
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head groups extend out of the vesicle wall an average distance of 16.7 

± 5.0 A. Conversely, if it is assumed that the ruthenium head groups 

neither "stick out of" nor are "buried in" the vesicle walls, then it 

can be concluded that the surface concentration of ruthenium surfactant 

is greater on the outside .than on the inside. In the absence of either 

assumption, the degree to which ruthenium head groups extend out of the 

vesicle is balanced by the asynmetry of their distribution to yield a 

fraction of quenchable luminescence of 0.67. 



Table 1 

LUMINESCENCE QUENCHING DATA 

PC/Ru-surf Slope x 104 Intercept fa Kg x 10-3 

* 

11 2.11 ± 0.05 M 1.47 ± 0.02 0.68 ± 0 .• 01 7.0 ± 0.3 M 

15 2.47 ± 0.12 1.54 ± 0.03 0.65 ± 0.02 6.3 ± 0.5 

21 2.97 ± 0.03 1.55 ± 0.01 0.65 ± 0.01 5.2 ± 0.1 

31* 0.99 . 0.99 3.6 

32 4.41 ± 0.22. 1.46 ± 0.08 0.69 ± 0.04 3.3 ± 0.4 

47 4.69 ± 0.15 1.46 ± 0.05 0.68 ± 0.03 3.1 ± 0~2 

104 4.36 ± 0.20 1.55 ± 0.06 0.65 ± 0.03 3.6 ± 0.3 

104 4.26 ± 0.06 1.50 ± 0.02 0.67 ± 0.01 3.6 ± 0.1 

This experiment differs from the others in that the quencher was 
present inside the vesicles as well as in the continuous aqueous 
phase. These data were extracted from the least square line of a 
regular Stern-Volmer plot (see Figure 7), thus, no uncertainties 
are given. 
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Table 2 

§ 

* 

t 

VESICLE DIMENSIONS 

Vesicle diameter§ 

Area of PC moleculet 

Thickness of PC bilayert 

Maximum additional monolayer 
thickness due to Ruthenium head 
group (assumes symmetrical dis
tribution of ruthenium complex)* 

= 505 ± 27 A 

= 68 ± 4 A:t 

= 45 ± 1 A 

= 16.7 ± 5.0 A 

Experimental val ue (see text: "Vesicle Size by Radioactive 
Isotope Trapping"). 

Experimental value (~ee text: "Luminescence Quenching and 
Vesicle Geometry"). 

Summary of literature analysis. 
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FIGURE 1. An example of a photosynthetic mimetic system using unilamellar 
vesicles (Ford, ref. 4). Upon excitation, the dye reduces methyl viologen 
outside the vesicle. Subsequently, electron transfer occurs between inner 
and outer dye molecules, and EOTA inside the vesicle donates an electron to 
an electron-deficient dye molecule. For each methyl viologen reduced and 
each EOTA oxidized, there is a net transport of one electron across the 
membrane. 
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FIGURE 2. 
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. XBL 806 - 4226 

An amphiphilic derivative of tris(2,2 1 -bipyridine)ruthenium(II) 
(abbreviated to "Ru-surf" in this paper) synthesized by Ford (ref. 13a). 
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FIGURE 3. 
Stern-Volmer plot: Luminescence quenching of *Ru(bPY)32+ by Fe3+ in 
homogeneous aqueous solution. Excitation wavelength = 450 nm; 
emission wavelength = 602 nm. 
Least square line data: slope = 1.322 x 103 M-1 ; intercept = 1.026. 
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FIGURE 4. Stern-Volmer3elot: Luminescence quenching of *Ru-surf in 
vesicle walls by Fe(CN)6 in the continuous aqueous phase. 
Excitation wavelength = 481 nm; emission wavelength = 658 nm. 
PC/Ru-surf = 15. 
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FIGURE 5. Modified Stern-Volmer plot: Same experiment as in Figure 4, 
but replotted according to Lehrer1s theory. PC/Ru-surf = 15. Error 
bars of the first four data4Points are smaller than the data symbols. 
Slope = (2.46 ± 0.12) x 10- M; intercept = 1.542 ± 0.035~ 
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FIGURE 6. Modified Stern-Volmer plots: 3_Luminescence quenching of 
*Ru-surf in vesicle walls by Fe(CN)6· in the continuous aqueous 
phase. Three vesicle solutions differing in membrane composition are 
represented here: PC/Ru-surf = 11 (8); 21 (0); 32 (0). Error bar 
lengths are smaller than the data point symbols except for the one 
shown. See Tabl e 1 for data extracted. 
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FIGURE 7. 3Stern-Volmer plot: luminescence quenching of *Ru-surf 
by Fe(CN) - inside and outside vesicles (PC/Ru-surf = 31). 
ExcitatioR wavelength = 481 nm; emission3wavelength = 658 nm. 
least square line data: Slope = 3.56 x 10 ; intercept = 0.993. 
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FIGURE 8. Fraction of quenchable fluorescence vs. Vesicle composition. 
No dependence demonstrated. Average f = 0.666 (std. dev. = 0.019). 
Vesicle canposition is expressed in te~s of molar ratios of PC and 
Ru-surf. 
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concentration in the wall (mole fraction of Ru-surf = moles 
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FIGURE 10. The quenching rate constant as a function of Ru-surf 
concentraton in the vesicle wall, derived fr~m luminescence 
quenching of *Ru-surf in vesicles by Fe(CN)6 - in the continuous 
aqueous phase. 
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FIGURE 11. Schematic energy level diagram of Ford's kinetic model for 
photosensitized electron transport across a vesicle wall. Sensitizer = 
Ru-surf (subscripts "in2+and "out" refer to location on vesicle wall); 
electron acceptor = e7v ; electron donor = EOTA. (EOTA)ox represents 
the oxidation product of EOTA. 
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