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Energy Interactions and Phospholipid Vesicles
by
David Edmund Baker

ABSTRACT

Luminescehce quenching studies of unilamellar phosphatidy]cho]ine
vesicles containihg a surfactant sensitizer derived‘from tris(2,2'-
bipyridine)ruthenium(II) have shown that only a fraction of these
sensitizers is_quehchab]e when ferricyanide is added to the}continuous
aqueous phase, and that this fraction is madefup exclusively of the-
sensitizers located fn the outer monolayer. The size of thfs.fraction
is independent of the sensitizer concentration. In contrast tovthis,
the quenching réte constant increases with sensitizer concentration.
From these observations, one can conclude that energy transfer occurs
among sensitizers located on the séﬁevsurface of a vesicle, 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 existence of this energy transfer in the first 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.byf‘“c-sucrose
entrapment. This experimental finding in addition to the fixed fraction
of quenchable fluorescence of 0.67 * 0,02 implies that the subféctant
ruthenium molecules extend a cénsiderable distance out of the vesicle
into fhe aqueous bhase, and/or they are asymmetrically distributed

between inner and outer vesicle surfaces.
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INTRODUCTION

~inhibit the back reaction of the products formed.

Unilamellar vesicles are often used to separate reactants in
photosynthetic mimetic pr-ocesses.l'6 As in Figure 1, surfactant photo-
sensitizers can be incorporated into the bilayer membrane and electron
donors and acceptors can be arranged on oppoéite 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

. - v

Though electron transport has been investigated, the qﬁestion of
energy transfer among sensitizer molecules either on the surface of the
vesicle or between sensftizer 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 de]oca]ization; as well as

migration, of the excitation energy.

For an electron transport system in which the sequence of reactions

is
S + S* | (1)
S* + A - St o+ A (2)
D + st - D" 4 s 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:

(4)

$*in * Sout * Sin * S¥out

Sin(1) ¥ Sin(Z) = Sina1) * Stin(2) (5)
S*out(1) +_ Sout(2) ** Sout(1) * S*ou'c(z.) ’ (6)



Although it was not considered in the kinetic studies of electron
~transport through the vesicle membrane,s’7 this energy transfer, if it
occurs, can affect the rate of the electron transport reaction. The
anticipated effect woﬁ]d be to increase the reaction rate if, on the
average, more than one sensitizer is excited as a result of'avsingle
excitation during the collision period of an acceptor with a sensitizer.
In effect, energy transfer, whether it occurs by fast migration or
de]oca]fzation, can increase the reaction rate by increasing the cross-
sectional area for reaction with electron acceptors.

A naturally occurring example of how energy transfer can lead to an
increase in a redox reaction raté can be fodnd in photosynthesis. Most
of the chlorophyll in chloroplasts is light-harvesting antenna
chlorophyll (>99%).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 iﬁ'lost through'
f]uorescencé or degradative mechanisms. If antenna chlorophylls were
unable to transfer excitation energy, tﬁe 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'-bipyridine)ruthenium(II). See
Figure 2. Although its spectral and physical properties are somewhat
different from its parent, its chemical properties are largely the same.

=481 nm), a relatively long-lived charge transfer
18

Upon illumination (Amax

complex is formed (lifetime =0.6 usec in deoxygenated water). 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 (1. =658 nm).’

max
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;In fhe 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*][Q] o - (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$*] and [Q], 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 df
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

10 ‘In the ideal case, one obtains a

fluorescence quenching studies.
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 concentrdtion, FO/F, is plotted against the quencher
concentration, [Q]. 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).



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 expeéted 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 ofvthe vesicles, and
therefore inaccessible to the quencher, a maximun ordinate value of 2.0
would be approached and not exceeded, no métter how high the quencher

concentration is.

To analyze cases such as these, where a fraction of the fluores-
: /
cence is not quenchable, Lehrer modified the Stern-Volmer treatment in a

way that makes it easier to determine the fraction of quenchable
11

fluorescence and the quenching rate constant for that fraction. His
method will be uséd here.

Vesicle size can be determined by entrapment of !*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 rémaining in the:vesicle solution is proportional to thé-
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 results are compared with vesicle sizes determined by fluorescence
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correlation spectroscopy, negative-stain electron microscopy, and a
theoretical calculation based on existing literature.

Taken togéther, the vesicle size and the frastion 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 concluded either that the sensitizers
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 thaﬁ the sensitizers do nof extend out of
the vesicles and are distributed asymmetrically, prefefentia]ly 1ocafing
on tﬁe outer surface. If nolassumptions are made, a range of possibi1;
ities exists for these two aspects of vesicle geometry, but they remain

interdependent.



MATERIALS

Unless otherwise noted, materials were obtained from_commercial
suppliers and were uéed without further purification.

vVesicTes 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

12 To prevent decomposition of the PC, the solution

by Singleton et al.
was stored under nitrogen at -20 °C.

The amphiphilic ruthenium compohnd (abbreviated to "Ru-surf") was
derived from tris(2,2'-bipyridine)ruthenium(II) (abbbeviated to
“Ru(bpy)32+") by W. Ford.13 Two C16-hydrocarbon chains are attached to
one of the bipyridine 1igaﬁds by amide linkages at the 4 and 4'
positions. See Figure 2. A stock éolution of this compound was made by
dissolving it in dimethyl formamide. 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.

A1l aqueous solutions were prepared with carbon-purified, deionized
water (Millipore's Mil1i-Q Water Purification System).

Gel filtration of the vesicles for the !'*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

A1l measurements were carried out at room termperatuhe (22.5 #

-1.0 °C) and vesicle solutions were air-saturated. s

In all of the vesicle preparations used for luminescence quenchfng,
the bulk Ru-surf cbncentration was held constant k=6xld;§.M), as
determined by absorption (Cary model 118 spectrophotomefer) at 481 nm
1)'.14 ’

PC:Ru-surf ratios of approximately 10, 15, 20, 30, 50, and 100 to 1.

(e = 12,000,M'1 cm” The amount of PC was varied to achieve
Typically, 1 to 2 ul of Ru-surf stock solution (=0.025 M) was mixed
with 10 to 80 ul 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. Uniform,mixiné was énsured by pumping the -
solution in énd out of a Hamilton syrfnge (25, 50, or 100 ul) several
times. The Ru-surf stock solution was sealed and returned to the dark
immediately after use. The air space abovevthe PC stock solution was
flushed briefly with nitrogen before sealing and returning it to cold

storage.

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

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

buffer while agitating the solution as vigorously as possible on a
vortex mixer.15 The tfp of the syringe needle was not Smeerged, 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
16

method produces fairly monodisperse vesicles."”

Three milliliters (volumetric pipette) of the resulting so]ution

was dispensed to a 1.00 x 1.00 cm quartz cuvette with four polished
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sides. The sd]ution;s 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-emissibn 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 faken.to use the same cuvette holder position and
to use the same cuvette faces for excitation and emission, as these
factors were observed to influence the signal significantly.

Additions of the quencher, 0.05 M K3Fe(CN)63', 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
’"Pipetfeman“. The Tuminescence intensity of the resulting solution was
recorded for at least 30 seconds to obtain a value less sensitive to
momentary fluctuations. The absorption at 481 nm was recorded after

3-

each addition of quencher to note the effect of Fe(CN)6 on the light

available for Ru-surf absorption. Over the range of Fe(CN)63' concen-
tration used (<5><10'4 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

4-

different Fe(CN)63- concentrations (0 to 4x10°~ M) were prepared using



identica] 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 luminescence
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 ekperiment was used to obtain F0 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
hot significantly different to alter the qualitative conclusions of
these experiments (AKQ < 3%).

Vesicles used in the !*C-sucrose entrapment experiments had a
PC:Ru-surf ratio of 20:1. They were fonnéd in the same manner as the
vesfcles used for luminescénce quenching except for the presence of
"cold" and "hot" sucrose (-.~1x10'3 M), and that the vo]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 using &ifferent amounts of
labeled and unlabeled sucrose. Although the second run used about ten
times the amount of !*C to impfove the counting reliability, the vesicle
- dimensions calculated from each were nearly the same. The procedure for
this latter experiment will be described hére.

A1l sucrose solutions were freshly prepared for the'experiment to
eliminate problems with bacterial growth.

0.56 ml of labeled sucrose solution (50 uCi/967 Q]) was syringed
into the testtube in which the vesicles were to be prepared. 3.044 ml

of a stock solution of ammonium acetate and unlabeled sucrose was added
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to give a solution that was =1.0 M CH3COONH, and '-~2.5x10'3 M total
sucrose. 2.4 ul of Ru-surf solution (=0.02 M) was mixed with 25.6 ul of
PC solution (=0.04 M), and 24.0 ul of the resulting so1dtion was
injected, as described previously, into the radioactive buffer to form
vesicles. 10 ul of this solution was analyzed by 1iquid 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 reapplied to the column three more tfmes to
ensure that all of the '*C-sucrose not contained in fhe 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-
tions for the fourth pass. In the same manner, the two 0.5 ml fractions
containing the most Ru-surf after 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.voTume of fhe solution under a stream of nitrogen and also by‘
evaporation under high vacuum. A 50 ul aliquot of PC stock solution was
dried in each case and both methods gave the samé concentration of 31.8
mg/ml. A Mettler single-pan micro balance was used for these mass

measurements with which a precision of 2 ug can be achieved.

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 ug) 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
11a

emitter is accessible to quencher. The relation he derives is

Fo 1 1
L. s (8)
fa

AF [Q]faKQ
where F0 is the fluorescence intensity in the absence of quencher, AF is
the amount the fluorescence intensity decreases for a given quencher

concentration [Q], f. is the fraction of quenchable fluorescence, and

a
KQ is the quenching rate constant for that fraction. A plot of FO/AF
versus 1/[Q] should yield a straight line of s]opeA(faKQ)'1 and
intercept llfa, with KQ equal to the intercept divided by the slope.

In the special case where all of the fluorophors are accessible
(fa = 1), the straight 1ine will pass through the ordinate value 1.0 as
in the traditional Stern-Volmer treatment, but the slope will be the
inVerse of KQ. |

Quenching experiments were performed on several vesicle prepara-
tions differing in their PC:Ru-surf ratios as described above. Plots of
FO/AF versus 1/[Q] were drawn for each, e.g. see Figure 5. Error bars
were construéted 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 KQ

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

from the highest sloping line that could be drawn through all or all but

“y
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one of the error bars, 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 giveh 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 uﬁquenchable fraction is
hade up of Ru-surf locdted 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 avérage 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 allows one to coﬁc]ude that énergy 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 dohe.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 dnly 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 sensitizers 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 fractibn 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's obtained for different PC/Ru-surf vesicles are scattered around
an average value of approximately 0.67 and are 1ndependent 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 cén electron trans-
port across the membrane be explained, which was reported previous]y;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

18 ..

air-saturated aqueous solution is approximately 0.4 ysec.
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 6f the vesit]e wall.

As described in the introduction, the presence of excitation energy
transfer can affect the quehching'rate constant KQ by increasing 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 sensitizer‘s.19 This distance can be controlled by
varying the concentratioh of the sensitizer ih the vesicle wall.
Therefore, KQ-wil1 be deﬁendent on the sensitizer concentration if a
significant rate of energy transfer is present.

If the energy transfér rate is significant between Ru-sUrfs, a plot
of KQ versus Ru-surf concentration is expected to have lower and ubper
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 sensitiiers has to the
concentration of sensitfzer. |

To obtain this re]ation, 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 genérated, which determines the
simulated concenlrationmof 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
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(see Figure 9). For mole fractions (moles Ru-surf/moles PC + Ru-surf)
less than 0.1, the average nearest neighbor distances demonstrate an
inverse square root dependen;e on cdncentration, 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 Tower limit of KQ will be obtained af low Ru-surf
concentrations where nearest neighbor distances are greatest. Here,
“low" concentration is meant to imply that the distances between
sensitizers are great enoﬁgh that energy transfer is not likely to occur
during a co]lisioh period. Therefore, even though the first derivative
of the nearest neighbor distance with respéct to concentration is large,
KQ will be independent of concentration.

The upper Timit 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 vefsus 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 experimenta1 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 approaching a maximum value. Therefore, we. conclude that energy
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transfer does occur amohg Ru-surf on the same side of a vesicle
membrane. | .

If one considers the magnitudes of the Ru-surf nearest neighbor
distances in the vesicles where KQ was observed to increase, fhe
existence of energy transfer becomes reasonable. For the PC:Ru-surf
ratibs of approximately 30, 20, 15, and 10, the average nearest neighbor
distances are only 2.9, 2.4, 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 Az, Making the rough approximation that
Ru-surf and PC occupy the same amount of area, the above distances
correépond to 24.5, 20, 17.5, and 15 A, reshective]y. The 10West
possible nearest neighbof distance is 1.0 molecular unit (8.5‘A), which
~corresponds to two Ru-surfs located side by side. |

C]éiming ehefgy transfer is‘pfesent on the surfaces of vesicles and
yét absent acrdss vesicle walls would ndt seem SO feasoﬁab]e if a square
lattice arrangement had been éssumed (incorrectly) for Ru-surfs. As
specified above, the average nearest neighbor sbacing is ébout half of
thé lattice spacing. Therefore, the 1attice distances for PC:Ru-surf
| ratios of 30, 20, 15, and 10, would be approximately 49, 40, 35, énd 30
A, respectively. As will be diséusséd later, the thickness of the
- vesicle wall is eXpected\to be 45 A. Since this thickness is comparable
to the lattiCé distance, one might have conc]udéd that transmembrane

energy transfer is possible if 1atefa1 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.s’7



18

This process involves dye molecules (Ru;subf) 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 C7V2+.
Subsequently, the electron-deficient Ru-surf is restored to its original
state by an inner Ru-surf transferring an electron to it through the

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

The kinetic scheme proposed by Ford (see Figure 11) involves five
states. The subscripted k's denote rate constants for the reactions.
State A is the unperturbed gfound state. State B results upon
absorption of a photon (rate = I) by an outer Ru-surf. At this point,
*Ru-surf either decays to the ground state A by luminescence or internal

conversion (k ), or it is oxidatively quenched by C V (k ) resulting

2+ to the oxidized

in state C. Back transfer of electrons (k2) from C,V
Ru-surf (kz) competes with electron transport-(k3) across the membrane,
state D, which is assumed to be reversible to state C (k_j). Oxidation
of EDTA 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 by:

*NE T *ac " Cce - (9)
) Fki R I t3:4 + kok (10)
ot ¥ 342 * Ko¥a * K3
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in which opc and o are the yields for'sequenceé;A;; Cand C » E.*°

A major point of Ford's WOPk}iS that, based oh qdantum yields and
rate laws derived from the proposed kinetic scheme, two poséiblebmech_
anisms for electron transport across the membrane.cah be distﬁnguished.
The two mechanisms are: (1) Diffusion of oxidized 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). N

Kinetically the two mechanisms are different; diffusion is uni-
molecular and exchange is bimo]ecu]arf Therefore, kq and k_s are either
unimolecular rate constants, or pseudd-unimo]ecular rate constants
contéining 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 sincevk3 and ostenéib]y no other
rate constants are functions of [Ru-surf]. On the other hand, if case
(2) were the actual mechanism, one would predict the qdahtum yield
would be affected. Ford's experimental results show that.increasing [Ru-
surf]’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 e]ectrqn exchange, is the actual mechanism.

However, the validity of this conclusion has to be questioned in
~1ight of the enefgy transfer study presented here. Energy transfer
increases the quenching rate constant, kl/(kl + ko).% Though not
: recognized by others describing the kinetics of this process, k1 must

also be a function of [Ru-surf]. Therefore, simply comparing overall
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quahtum yields from experiments differing in [Ru-surf] will not assess
.the relative magnitudes of kl's and k3's dependence on [Ru-surf].

If one compares the increase in quenching rate constants in the
Fe(CN)63' quenching expefiments with the increase in the quantum yield
found in Ford's electron transport study, a remarkable similarity is
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 cohcentration
ranges that are not identical. However, one can make the qualitative

'conc1usion 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 copstants, both
being diffusion limited, are comparable under similar conditions.21 |

It is likely that both k1 and'k3 depend on [Ru-surf] and affect the
quantum yield. The magnitude of ki's influence cou]d.be determined by

2+ as quencher, k3's

performing a luminescence quenching study using C7V

influence could fhen be deduced from the difference between the total

‘change in quantum yield and kl's 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 accounted for by the increase in quenching

rate constant, then k3's presumed dependence on [Ru-surf], and therefore
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the e]éctron exchange mechanism, could no longer be justified by this
kinetics rationale.

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 reshlt 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's kinetic scheme differs from Ford's primarily in the
addition of a "correlated radical pair" state where the redox products,

22

C,V" and oxidized Ru-surf, are held in proximity of each other. From

7

this state, separation, back reaction, or reduction by another Ru—surf
can occur (see Figure 12). The pseudo first-order rate constant for
reduction, kq s dependent on [Ru-surf].

Inclusion of this "correlated radical pair" state seems fo 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 depehdent on [Ru-surf], since k3 is a
pseudo first-order rate constant dependent on [Ru-surf]. The initial
quantum yield equation, in contrdst, 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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Initial ®nE = 1 (11)

This occurs because k2 in Eqn. 10 is anothér 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

InVWamser‘s kinetic model, this discrepancy is not found. In his
initial rate law, k3 drops out as it does in Ford's, but kd does not;
therefore; the initial rate law retains [Ru-surfj.dependency.

From this fact and citing Ford's experimental finding as support,
Wamser concludes: "In éases in which increased sensitizer produces an
increase -in initia] fate,..;.electron transport to the [correlated
radical pair] occurs as well as the normal electron transport [from
inner Ru-surf to uncorrelated oxidized 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 uncorrelated oxidized Ru-surf must remain in question.

Vesicle Size by Radioactive Isotope Trapping

An attempt to determine the size of vesicles regularly prepared in

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

15a

radioactive isotope trapping technique. Other attempts have been

made using negative stain electron m1‘croscop_yz3 and fluorescence

24

correlation spectroscopy. In addition, the literature gives some idea
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of the size to expect based on the phospholipid concentration in the
ethanol solution injected.16 However, all three of the latter values
differ for reasons that will be discussed. |

As mentioned in the introduction, determining the amount of radio-
activity contained inside vesic]es 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 = 3 (12)

w4
=S
-
3

where rs is the average inner radius and hv is the total number of
vesicles. This total internal volume is also related to the disinte-

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

obs
filtered vesicles.

[dpm]obs fd1‘1

total internal aqueous volume = (13)

Cdpmlgtock

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

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

n o= S . - (14)

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

injected to form vesicles, and n is the average number of surfactant

s/v

molecules per vesicle. n can be determined by considering the com-

s/v
bined areas of the inner and outer vesicle surfaces, (ai + ao), and the

average area per surfactant molecule, ag.

a, + a
n = 9 (15)
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An assumption has to be made as to the thickness of the phospholipid

bilayer to determine the total surface area.

a; +a, = 4ur.2 4 dar | (16)
= anlr %+ (4 0)2 - (7)
where -t is the thickness of the bilayer. Combining the above equations
yields
[dpm] f r3 n_a
obs "dil _ i s s (18)
[dpmjstock 3[r1-2 + (r; + t)2]

from which r; can be calculated.

Sucrose was chosen as the radioactive probe because the membrané is
re]ative]y 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'experimenfs by Katz and Diamond.25 The test for
the comp]eteness of outer !*C-sucrose removal described in "Methods"
suppqrts this expectation. That is, if **C-sucrose would have leaked
out of the vesicles at an appreciable rafe, 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 ca]cuiate the vesicle size.
From x-ray diffraction, Small obtained 71.7 A2 as the area per molecule
and 45.6 A as the thickness of the bilayer for unsonicated phosphatidyl-

26

choline (PC) in water. 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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vacross.27 Johnson et al. reported an area of 66 A2 for PC molecules in
28

. a vesicle surface using an indirect surface potential method. More
recehtly, 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 A? while molecules in

the inner monolayer occupy 61 Az.29

They attrjbute this asymmetry to
the constraints imposed by the high curvature in these smallest of PC
"vesicles. Their conclusions are based on a combination of *'P NMR
experiments employing a shift reagent, which gives a ratio of the number
of outer to inner PC.holch]es,'and hydrodynamic data, which gives the
hydrated vesicle radius, ;hé vesicle weight, and the partial specific
volume of the lipid. Subsequently, Cornell et al. reexamined Huang and
Mason's physical data in terms of conventions used by Sma]]xand found

them to be consistent.30

They conclude that the area occupied per
phospholipid molecule and the thickness of the bi]ayer_are the same in
vesicles as in a planar bilayer. The area they determined per phospho-

lipid at the hydrocarbon/water boundary is 72.5 *+ 1.5 A? and the overall

bilayer thickness is in the range 45.7 + 0.1 A. The phosphorylicholine
group, they suggest, may occupy a greater or lesser surface area as it
conforms to the'geometry of the environment 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, the'phosphory]choline group .1ies roughly |
bara]le] to the membrane surface. | |

For the numerous studies perfbrmed to determine the ‘surface area of

PC molecules, it appears that 68 + 4 A2 is a range that includes most of
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them, Even in Huang and Mason's asymmetrical case, an average PC area
of 69 Az is found.2?
45 + 1 A is a thickness range that seems to be reliable. Litera-

31 but these values were obtained

ture values of under 40 A can be found,
from electron density profiles which measure the distance 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 al. mentioned
above.

Using 68 + 4 A2 as the area and 45 + 1 A as the thickness, the
!*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 **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-

24 The comparatively small uncertainty range 6f +27 A obtained in

tory.
the '*C-sucrose entrapment experiments serves as a refinement to the
rather large range, 720 +.300 A, that fesu]ted from the LFCS experi-
ments. 505 + 27 Alis 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 vesic’les.28’32

Questions concerning vesicle dehydration
resulting in size-distorting effects went unresolved, and thefefore, the
validity of the results remained in question. With the results of the
1sC-sucrose experiments, it can be concluded that dehydration effects
are important. | |

Kremer ét al. provided a theoretical basis.for determining vesicle
size based on the phospholipid concentration in the ethanolic solution
that is injected into rapfdly stirred buffer.16 Before experimentation,
they speculated that “the 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." .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 influencéd
the molecular weight and radius of the lipid particles markedly." From
their experimental results using dipalmitoylphosphatidylcholine, and
dimyristoylphosphatfdylcho]ine, 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 df 1000-1200 A in diameter. However, to do
this assumes that the doﬁble bonds found in egg PC hydrocarbon chains
will not have an effect on size. Also, though Kremer investigated the
effect 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
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of the !*C-sucrose experiments suggest that these experimental

differences cannot be ignored.

Luminescence Quenching and Vesicle Geometry

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 phasé 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-syrfs 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.

4nr02

£ = (19)

' 2 2
4"(ri +r, )

where o and ry 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 separatingvthe 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.

f = 0 (20)

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

can be experimentally determmined.

!
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t(1+Jf, 7 -1)
(21)

Two quéstions arise in consideringvthis equation, First, is it a
~valid assumption that the vesicles are symmetric with respect td Ru-
surf? Setond,vis the thickness of the wall as defined above, the same
as the value determined for.the'thickness of a PC bilayer, i.e. could
the ruthenium head groups on_the'average be "buried in" or "sticking out
of* the PC bilayer? Neither df these‘questidns 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 bi1ayer, it would seem that the random-
ization of the injection process and the repelling force of the 2+
charges on each Ru-surf wou]d impose symmetry on‘the vesicle. However,
the electrostatic repulsion may be neutralized by the electrolyte
concentration in the buffer (1 M CH3C00NH4),’and the different config-
urational constraints of the inner and outer mond]ayers may offset the

entropic effects of the, vigorously stirred solution.

If one aséunes that the vesicles, 505 A in diameter with 45 A thick
PC bilayers, are symmetric with respect to Ru-surf, one éan calculate
the distance separating the head groups of inner and outer Ru—suhf with
the above equation. Knowing that f, is 0.67 # 0.02, and substituting

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

0
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 quenchihg

rate constant of *Ru-surf in vesicles with the quenching rate constant
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- of *Ru(bpy)32+ in homogeneous aqueous solution. With Fe(CN)63"as
quencher in 1 M CH3COONH4, the rate constants are very similar at
=3.5x103 M"1 and =2.4x103 M'l, respectively. If the ruthenium head
groups were at all buried in the PC bilayer, one would expect the
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 also comes from the absorption spectra of Ru-suff. As
noted by Ford13b; absorption by Ru-surf is solvent dependent. Thé Ru-
surf absorption Spectrum in vesicles is 1ike 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.

A]tgrnative]y,'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 conciude that there is
an asymmetry in Ru-surf distribution. A symmetric 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 phosphory1cho]ines, as it is. at the inner surface, where the cur-

vature packs the phosphorylcholines closer together.

Either of the configurations postulated above may describe the
actual structure of the vesicle. A third alternative is also possible,

which is some combination of the first two configurations. That is, the



31

ruthenium head groups may stick out of the vesi'c1es some’t_hing, ‘1_es.s than
16.7 + 5.0 A on the average and have a concomitant asymmefﬁ'c |
distribution that is less pronounced than described above. The_,_.two
features are interdependent; one must be balanced by the.other té-gi?e a

f, of 0.67.
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SUMUARY.

A 1umfnescence quenching study was performed with an amphiphilic
derivative of tris(2,2'-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 ruthenium concentration. These observations
lead to two conclusions: 1) Energy transfer between ruthenium sensiti-
zers on opposite sides of the vesicle wall does not take piace on ﬁhe
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 caﬁ 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

radioactive sucrose entrapment, it can be calculated that the ruthenium:



33

head groups eitend out of thé Qesic]e 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., 1In the absence.of either
éssumption, the degree to which ruthenium head'groups extend out of the
vesicle is balanced by the asymetry of their distribution to‘yie1d a

fraction of quenchable luminescence of 0.67.
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LUMINESCENCE QUENCHING DATA

34

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

11 2.11. + 0.05M 1.47 + 0.02 0.68 + 0,01 7.0 + 0.3 M"1
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 »O.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
reqular Stern-Volmer plot (see Figure 7), thus, no uncertainties

- are given,



Table 2
VESICLE DIMENSIONS
Vesicle diameter§ = 505 + 27 A
Area of PC mo]ecu]eT = 68 * 4 A?
Thickness of PC bi]a_yert = 45 %1 A

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

16.7 £ 5.0 A

§ Experimental value (see text: "Vesicle Size by Radioactive
Isotope Trapping"). :

*  Experimental value (see text: "Luminescence Quenching and
Vesicle Geometry"). '

t Summary of literature analysis.
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electron donor

 MET 2
[B1PY), Ru(BIPY-CONHC,gH33) ] METHYLVIOLOGEN (2¢)
. dye’ electron acceplor

XBL 807-4267

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 EDTA inside the vesicle donates an electron to
an electron-deficient dye molecule. For each methyl viologen reduced and

each EDTA oxidized, there is a net transport of one electron across the
membrane.

9t
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[(bipy), Ru(bipy-CONHC gH=3)]2*

. XBL 806-4226

FIGURE 2. _
An amphiphilic derivative of tris(2,2'-bipyridine)ruthenium(I1)
(abbreviated to "Ru-surf" in this paper) synthesized by Ford (ref. 13a).
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M'l; intercept = 1.026.
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FIGURE 4. Stern-Vblmer plot:' Luminescence quenching of *Ru-surf in

vesicle walls by Fe(CN).~ 1in 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 Lehrer's 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 p]o’ts:3_Lum1'nescence quenching of

*Ru-surf in  vesicle walls by Fe(CN)_.~ in the continuous aqueous
phase. Three vesicle solutions differing in membrane composition are
represented here: PC/Ru-surf = 11 (A); 21 (®); 32 ©). Error bar

- lengths are smaller than the data point symbols except for the one

shown. See Table 1 for data extracted.
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FIGURE 7. ,Stern-Volmer plot: Luminescence quenching of *Ru-surf
by Fe(CN)_.”" inside and outside vesicles (PC/Ru-surf = 31).
Excitatiog wavelength = 481 nm; emission3wave]ength = 658 nm.
Least square line data: Slope = 3.56 x 107; 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).

¥ESiC]$ composition is expressed in terms of molar ratios of PC and
u-surf, '
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FIGURE 9. Computer-simulated, average nearest neighbor distances
between Ru-surfs in a vesicle wall as a function of Ru-surf
concentration in the -wall (mole fraction of Ru-surf = moles
Ru-surf/moles PC + Ru-surf). Unit distance is one PC molecular span
(=8.5 A).
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FIGURE 10. The quenching rate constant as a function of Ru-surf
concentraton in the vesicle wall, derived frgm 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 "in; and “"out" refer to location on vesicle wall);

electron acceptor = C,V™"; electron donor = EDTA. (EDTA)ox represents
the oxidation product’of EDTA.
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