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ABSTRACT
Transmembrane Electron Transfer In Artificial Bilayers

Lester Y. C. Lee, Ph.D.
Oregon Graduate Center, 1985

Supervising Professor: James K. Hurst

Flectron transfer reactions In artificial vesicle solutions were
studied. Binding of various redox active molecules to vesicles was
demonstrated by gel exclusion chromatography, optical absorption spec-
troscopy, and ultrafiltration techniques. Photoexcitation of (5,10,
15,20-tetrakis(N-methylpyridinium~4-yl)porphinato)zinc(II) ion
(ZnTMPyPA+) or tris(2,2'-bipyridyl)ruthenium(II) ion (Ru(bpy)§+>
adsorbed onto the external surface of dihexadecyl phosphate (DHP)
vesicles containing Internally bound methyl viologen dications (MV2+)
leads to enhanced diffusion of viologens across the bilayer. The
observed temperature dependence of both thermal (in the absence of
sensitizer) and photoenhanced viologen diffusion suggests the
photostimulated mechanism involves localized heating arising from
nonradiative deactivation of the bound excited sensitizer.

2+)

Oxidative quenching of unbound ZnTHPyP4+ by alkylviologens (CnHV
bound to phosphatidylcholine (PC) vesicles shows Stern-Volmer kinetics.
Similarly, 5,10,15,20-tetrakis(4-suvifonatopyridyl)porphinato zinc(II)
(ZnTPPSA_) ion undergoes bimolecular quenching with DHP-bound viologens

and in steady-state photolysis glives rise to efficient net formation of

xiii



reduced viologens. When ferricyanide ion {s {ncorporated Iinto the
{nternal aqueous phase of DHP vesicles containing viologens bound to
beth surfaces, accumulation of reduced viologen is retarded, suggesting
that the viologens are capable of transmembrane electron transfer.

Reduction of (NH,)_Ru-4-(11'-dodecenyl) pyridine(III) ions bound to

3)5
Inner and outer surfaces of PC vesicles by external reductant is
described. Addition of membrane impermeable reductants in
stoichiometric excess resulted in biphasic ruthenium reduction. The
fast component (<10_3 sec) Is followed by a slow first-order component

( 500 s at 23°C) which {5 Independent of both the identity and

Y172 *
concentration of the reductant. The slow component comprises ~30% of
the total reaction, which corresponds to the inner surface to total
vesicle surface area ratio. No transmembrane diffusion of the bound
ruthen{um ions on the time scale of the slow redox step could be found.
These results suggest that the rate-limiting step in slow reduction
is transmembrane electron exchange between ruthenium ions bound to
opposite vesicle surfaces. The transfer rate and distance are treated
by an electron tunneling model {n which electrons hop to the fnter-
mediary trapping sites in the hydrocarbon phase of the bilayer. The
tempera ture dependence of transmembrane redox is explained in terms of

bilayer thinning at elevated temperatures, giving rise to shorter trans-

ferring distances.

Xiv



CHAPTER |

INTRODUCTION

An essential requirement for facile electron transfer between
complex ions in homogeneous solutions is their close approach to form a
precursor or transition complex followed by nuclear activation. The
rate of the reaction is critically dependent on the extent of the
electron orbital overlap of the donor and acceptor. In heterogeneous
systems containing multiphase regions, however, factors controlling
reactivity are more complex. The distribution of solutes, interfacial
diffusion and/or bulk diffusion in the microphases, and interfacial
forces can become the dominant factors in determining reaction
kinetics.' Hence, an understanding of various interfacial phenomena is
prerequisite to studying redox reactions in phase-separated media.

1.1 Biological electron transfer

Electron transfer reactions are essential to biological systems.
Energv-linked redox reactions have been an area of intensive study since
the initial discoveries of respiratory and photosynthetic oxidative
phosphorylation.2 Adenosine triphosphate (ATP), the energy currency in
cells, is synthesfized through an intricate mechanism coupled to the
electron transport chain. Other energy-linked cellular processes, such
as active transport of metabolites, also derive energy from the oxida-
tive processes to maintain cell viability. Three general models have

been proposed to account for the energyv transduction process: the



chemical intetmediate,3 conformation,A and chemiosmotic hypotheses.5 of
the three, the chemiosmotic view, which has the support of a substantial
body of experimental evidence, seems most correct. In essence, the
theory states that ATP synthesis {s driven by electrostatic and hydrogen
lon gradients that develcp across the mftochondrial membrane during res-
piration. It also implies that net charge separation occurs across the
mitochondrial membrane during respiration. Although the pathway of
electron flow and the general sites of ATP formatfon in the transport

6-8 the molecular details of electron trans-

chain have been identified,
port across the membrane remaln obscure. It Is not clear whether
electron transfer between redox centers that are local{zed on opposite
sides of the membraneg 1s achieved by long-range electron tunneling or
by transmembrane diffusfon of the electron carrfer. Study of electron
transfer reactions tn organized molecular assemblies that mimic proper-
ties of biological membranes can yleld insight in understanding
biological redox processes.
1.2 Micelles In solar energy conversion schemes

Another primary Interest Iin heterogeneous electron transfer
originates from the {dea of converting sunlight into useful chemical
energy.lo Manv efforts have been directed toward the deslgn of a
complex photochemical process capable of efficient water splitting.ll
These solar energy conversion schemes commonly utilize light-absorbing
sensitizer compounds (S) whose redox properties in the excited state
differ dramatically from that in the ground state to carry out a
photoredox reaction. The photoexcited sensitizer reacts with a suftable

redox quencher (Q) to form high energy redox products. The photoredox

pair can be cycled using a serles of electron relays to yleld other high



energy species. Ultimately, intermediary redox products are used in
catalytic reduction and oxidation of water molecules to yield molecular
hydrogen and oxygen. The reaction schemes of such a photochemical

process are outlined below:

hv

§ ——— *§ (1)
Scheme I Scheme II

xS +Q - sT.q *s+qQ - § +q (2)
st eq - stiaq sTeqt > sT+q" (3)
QO +A - Q + A Q" +p ~+ q +0' (4)
st+4p - s +p" ST+ A - S + A (5)

cat.
o + H0 —— 0, + mt + 2p (6)

_ cat. _

A + H20 —_— H2 + OH + A (7)

In Scheme I, the ini{tial photoinduced charge separation Is achieved by
oxidative quenching of the photoexcited sensitizer, *S, whereas Scheme
IT represents the redox sequence following reductive quenching of *S.
In both instances the ground states of the primary redox pair are re-
generated by reacting with donor D and acceptor A (Eq. 4 and 5). It is

worthwhile to note that oxlidation of water (Eq. 6) requires minimally a

two-electron transfer process, f.e.,

2e” 2e”

A critical problem frequently encountered in developing photoredox

conversion systems is the ex{stence of dissipative back reactions, i.e.,



sT+ Q"> s+0
s+ > s+9

p¥ + AT > D+ A

These reactions are generally highly exothermlic and occur rapidly in
homogeneous solutfons; measured rates often approach diffusion-
controlled limits.

Attempts have been made to minimize undesirable back reactions by

1
carrying out the photochemical events in phase separated media.12’ 3

22,23 The general strategy involved is to selectively solubilize redox
species 1n different phase regions that are separated by electrostatic
and/or hydrophobic barriers to attain control of selectivity and speci-
ficity in their reactions. In different microenvironments, the course
taken by the photoinitiated redox reactions {s critically dependent upon
the dynamics of various electron transfer, lon adsorption and diffusion-
al processes occurring at the phase boundaries, as well as the reactant
molecular organization in the phases.

An excellent example of modified reactivity and pathways in
heterogeneous electron transfer 1s provided by the micelle, in which
reactions can potentially occur In three distinguishable phase regions.
Micelles are colloidal aggregates of surfactant molecules that assoclate
in water above a certain critical concentration. One structural modellh
describes 1t as closely packed polar or charged head groups oriented
toward the bulk water with long hydrocarbon chains directed away from
the bulk water, forming an oil-like core. Hence three phase regions

exist: the bulk aqueous medium, bhydrophobic micellar core, and the

charged interfacial region called the Stern 1ayer.15



A number of micellar redox processes have been studied, primarily
by Gratzel and coworkers,16_21 to investigate the Importance of the
micellar Interface in controlling reaction dynamics. They have found
that lifetimes of Initially formed high energy photoproducts are
generally enhanced in the micelle solution., Specifically:

1. The reactlon rates between ions In the bulk solution and
hydrophobic molecules solubllized {n the micelle are greatly influenced
by the micellar surface; a simi{larly-charged Stern surface Inhibits the
approach of ions, leading to rate retardation, and the oppos{itely
charged surface attracts the ions, resulting in rate enl-lancement.16_21

2. Reduction of an adsorbed molecule at the micellar surface by a
donor in the micellar {nterior causes its repulsion Into the bulk

solution.17-21

The latter observation {s particularly Interesting because 1t suggests
long-range electron transfer across an electrostatic barrier has
occurred, Recombination rates of photoinduced redox products are
greatly reduced when one member of the redox pair is repelled from the
micellar surface into the bulk aqueous medium,

The mechanism of electron transfer across micellar phase boundaries
cannot be firmly established, however, because the detaf{led structure of
the micelle {s not well defined. TFor example, experimental evidence
obtained from cxritical micellar concentrations24 and small-angle x-ray
scattering studies25 of stralght alkyl-chain lonic surfactants suggests
that the hydrophoblc interior might be hydrated to a greater extent than
has generally been be]ieved.26 Furthermore, surfactant aggregates are

thought to be dynamic In nature; rapid equilibria exist between



surfactant molecules in the aggregates and their monomeric form in
solution. This relatively loose structure can allow a greater access of
solution components to solubilized reagents Iin the interior than that of
a rigid microphase separation. Therefore, the electron transfer
d{stance between redox pairs that are thought to be in different pbhases
of the micellar system might actually be shorter than thelr spatial
locali{zation would indicate.

A more distinct and better—-defined microphase system that contains
the salient features of a micelle can be obtained by combining two
micellar surfaces to form a bilayer membrane. Bilavers are bimoclecular
sheets of amphiphilic molecules w{th their hydrophilic head groups
orlented outward and their hydrocarbon chains sequestered from the
water, forming a continuous hydrocarbon phase, 40-60 A {n width,
separating two aqueous compartments. This sandwich-like molecular
organization closely resembles the fluid-mosaic model of bhiological
membranes.27 The electrical and permeabil{ity properties of the
hydrocarbon barrier also are very similar to the native membranes.
Hence, 1t has been used extensively in reconstitution studie528_30 of
many membrane-associated blological functions.

There are two general types of bilayer membranes, differing in
thelr geometry and formation techniques, that are amenable to
experimentation. A planar bilayer film, usually called black 1lipid
memhrane (BLM), can be formed by applving a 1lipid solution onto a small
aperture of a Teflon plece separating two aqueous phases {n which
desirable condftions can be imposed. Electrical properties such as

resistance, capacitance, membrane potential, and ion movement can be

directly determined, providing the membrane maintains its stabllity



during the course of measurement. The major problems with BLMs are
their relative small surface area to medium volume ratio, lack of
reproducible stability over long periods of time, and contamination of
hydrocarbon solvent in the bilayer, making chemical studies generally
difficult.

A second type of bilayer which 1s widely used is the vesicle. When
amphiphilie lipids are dispersed in water and subjected to mechanical
agitation, ultrasonication, or emulsification through rapid mixing,
small 1iquid crystalline particles are formed. X-ray diffraction,
electron microscopy, and quasi-elastic light scattering spectroscopy
have shown that these particles have a lamellar structure with lipid
bilayers intercalated by a water space of variable thickness.3l’32
Prolonged sonication or controlled emulsification generates homogeneous
unilamellar vesicles that can be separated by gel chromatography or

33,34

selective centrifugation. These vesicles, ranging from 250 A to

1200 A in diameter, can be either neutral or charged bilayer membranes,
depending on the nature of the monomer. A spherical unilamellar vesicle
dispersed in an aqueous medium forms a heterogeneous svstem that con-
tains five distinct microphases. The internal volume enclosed by the
hydrocarbon barrier and the external bulk medium are aqueous phases
vwhere small ions can be preferentially solubilized. The two memhrane
surfaces, i.e., the inner and outer vesicle~water interfaces, are Stern-
type regions where amphiphilic molecules can be adsorbed, orienting with
their hydrophobic moieties extended into the membrane interior and the
hydrophilic groups localized at the interface. Finally, there is the
hydrocarbon membrane interior which favors solubilization of organic

molecules.



With its greater surface area, improved stability in aqueous media
and accessibility to various spectroscopic and physical methods, the
vesicle provides a more suitable model membrane system than the BLM for
studies of chemical dynamics. However, since reactants may have
different solubility properties in various phase regions, detailed
information about the localization, permeability, and binding properties
of the chemical species are critical for correct interpretation of
reaction dynamics.

Interactions between substrates and vesicular membranes can be
classified into two types: electrostatic and hydrophobic. Oppositely-
charged ions are electrostatically attracted to & charged membrane
surface, whereas like-charged ions are repelled from it. Molecules that
contain a high degree of hydrocarbon character favor soluhilization in
the hydrophobic bilaver interior. Thus, amphiphilic molecules which
contain both alkyl and charged head groups are bound most strongly to an
oppositely—-charged membrane because the electrostatic and hydrophobic
interactions are cumulative. By adjusting the amphiphilicity of a
molecule, i.e., changing the charges of the head groups and/or varying
the chain length of the hydrocarbon tail, it may be possible to control
its distribution in the microphases to achieve the desirable chemical
reactivity. This fine-tuning of reactivity in a photoredox process has
been demonstrated in a micellar system.

Another physical property of a vesicular membrane pertinent to
reaction dynamics is its permeability. Numerous studies have shown that

passive diffusion of small ions across neutral lipid bilayers is slow.36

—13_, -4

Permeability coefficients of 10 10 cm/sec for K+ and Na+, and



considerably faster rates for C1~ (10_“—10_12 cm/sec¢) are well docu-

menced.3 /39 The penetration of simple monovalent ions through bilayers
is unfavorable, presumably because the energy involved in the
displacement of lons from an aqueous environment to the low dielectric
medium of the hydrocarbon core is extremely high. Activation energies
for this process have been estimated to be about 30 kcal/mole.38
However, relatively large ionic molecules such as transition metal
complexes in which the overall charges can be distributed over the
ligands, thus decreasing the effective charge density, may possibly
diffuse at appreciable rates across a hydrophobic barrier. In studies
of membranes which are impermeable to aqueous ions, diffusion rates can
be increased many orders of magnitude by addition of ionophores.40_42
Analogously, metal complexes contain hydrophobic ligands may acquire
sufficient ionophoric character to increase their diffusion rates.
1.3 Mechanisms of electron transfer Iin heterogeneous media

The above discussion serves to illustrate that the vesicle 1is a
favorable system to study heterogeneous electron transfer reactions.
Specifically, the use of the vesicle bilayer to demonstrate trans-
membrane electron transfer can be illuminating in understanding the
fundamental nature of electron transfer processes. The mechanisms by
which electron transfer occurs in biological systems and artificial

43,85 pistori-

molecular assemblies are presently not well understood.
cally, knowledge about electron transfer reactions was obtained mainly
from studies of coordinated inorganic complexes in solution. Successful

45,46 were based

theoretical models originally developed in this regime
on the concepts of close approach of the reactant ions to the point of

contact of their primary coordination spheres, and thermal electronic
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interaction between donor and acceptor orbitals in the activated complex
is thought to be sufficiently great that electron tunneling is not rate
limiting. Without m—conjugated ligand mediacion between the metal
centers, electron transfer was thought not to occur over distances
greater than several angstroms with measurable rates. However, recent
studies of bioclogical redox particles revealed that redox reactions are

47-52

generally rapid over a distance of 1O A or more. Furthermore,

structural evidence also indicates that redox sites in these particles
are separated by distances greater than their “closest approach” during

51,33 Therefore, despite some

the course of charge redistribution.
earlier skepticism and disapproval, long-range electron transfer now is
generally accepted. Recent theoretical developmentss4 suggest that
cunneling mechanisms are important; vibronic-coupled electron tunneling
through the nuclear barrier (Franck-Condon barrier) is thought to be
rate-limiting.
1.4 Experimental strategy

In view of its theoretical importance, biological implication, and
potential utility in solar energy storage systems, investigations to
examine transmembrane electron transfer have been undertaken and the
results are presented in this dissertation. The general strategy
employed is to immobilize chromophoric electron acceptor molecules on
opposite surfaces of the vesicle bilayer, then Initiate asymmetric
photoinduced or thermal electron transfer on the outer bilayer surface.

Asymmetrie photoinduced charge separation is achieved by photo-
excitation of light sensitizers that are accessible only to the external

vesicular surface, thus allowing only oxidative quenching by externally-

bound acceptor molecules. Similarly, asymmetric thermal electron
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transfer 1is accomplished by addition of an external reductant. In both
systems, reaction kinetics are followed by spectrophotometric detection
of the vesicle-bound reduced chromophore and evidence 1s sought for
transmembrane electron exchange which leads to reduction of Internally-
bound acceptor.

Two types of vesicles are used in the present study. Phospha-
tidylcholine (PC), a natural phospholipid from egg, and dihexadecyl-
phosphate (DHP), a synthetlic dialkyl phosphate ester, are induced to
form neutral and anlonic vesicles, respectively. Thelir sizes and
homogeneity are determined by transmission electron microscopy and
quasielastic light scattering spectroscopy. Binding and diffusion
properfies are determined by methods of membrane ultrafiltrat{on, gel
chromatography, and absorption difference spectroscopy.

Transition metal complexes and metalloporphyrins are used as
electron donors in the transmembrane redox studies. In photoinduced
electron transfer reactions, tris{2,2'-bipyridyl)ruthenivm(II)
(Ru(bpy)§+), 5,10,15,20-(4'-methylpyridyl)porphinatozinc(IT)
(zaTPyP®T), 5,10,15,20-(4"'—sul fonatophenyl) porphina tozine (I1)
(ZnTPPSA_) ions are usacd as light sensftizers with 1,1'-dimethyl-4,4"'-
bipyridinium dication (also known as methyl viologen, MV2+) or N-methyl-
N'~alkylbipyridinium (CnMV2+) as the electron acceptor. In thermal
electron transfer studies, electron exchange reaction is initiated
be tween the amphiphilic ruthenium complexes, 4-(11'-dodecenyl)pyridine-

pentaamineruthenium{IT1)/(I1) (NH3)SRu—A—alkenylpyr3+/2+).
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CHAPTER 2

EXPERIMENTAL

2.1 Materials
2.1.1 Purification of egg lecithin

Phosphatidylcheline (PC) was isolated from commercial eggs accord-
ing to the method of Singleton et 31.55 Five hundred g of hen egg yolks
were homogenized in | liter of acetone at room temperature aund allowed
to stand for 1 hour. The vellow acetone extract was filtered and
discarded. The solids were washed three times with 200 ml of cold
acetone and resuspended in ! liter of 957 ethanol for 1 hour. Following
filtration, the washing step with ethanol was repeated and the combined
extracts were concentrated to dryness. The solids were extracted with
two portions of 300 ml of petroleum ether and reduced to 200 ml. Addi-
tion of cold acetone to the ether extract (1:5 v/v) with rapid mixing
yielded white precipitates. The suspension was allowed to settle at
4°C, followed by suction filtration. After washing the solids with cold
acetone and filtration, the ether-acetone extraction step was repeated.
Crude phosphatides were c¢ollected, redissolved in 1:9 CHBOH/CHC13> and
fractionated on an alumina column,

A4 cmi.d. x 87 cm long glass column firted with a perforated
glass disc was packed with 625 g of alumina suspended in 700 ml CHCla-
The flow rate was adjusted to 10 ml/minute and a sample of the c¢crude

phosphatide (1:25 wt/wt to alumina) was loaded onto the column. Elution
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with 1:5 CH3OH/CHC13 solvent ylelded large white hazy fraction after a
small yellow fromt of impurities had passed. Evaporation of the solvent
gave white waxy product. Thin layer chromatography on silica gel using

a solvent mixture containing CHCl, :CH_OH:CR.,CO H:H2O (25:15:4:2) showed

3773 3772

a single spot at R_ = 0.71, which was Identical to commercial PC

£

(S{gma). Purified PC was resuspended in distilled H,O and kept frozen

2

until use.
2.1.2 Potassitm hexacyanocobaltate(III) K3[Co(CN)6]

Twelve g CoCl,*6H_ 0 dissolved in 125 ml H.O was heated to boiling

2 2 2

and 7.5 g KCN in 50 ml H,O was added dropwise with stirring. Precipi-

2

tated Co(CN)2 was filtered, washed with cold HZO and dissolved in 50 ml

hot H2O. Fifteen g KCN was added and heated to boiling for 15 minutes.
The hot solution was filtered; product which precipitated upon cooling
was collected and washed. The product was purified by recrystallization
from hot H20. The IR spectrum obtained using Nujol mull technique
showed a characteristic cyanide stretching vibration at 2130 cm_l, Co-CN
bending vibration at 565 cm_l, and Co-C stretching vibration at 405
cm_l, which are consistent with literature values (2129, 564, 416
cm'l).56
2.1.3 Trinitrotriamirocobalt{I1I) Co(RH3)3(802)3

Cobaltous carbonate was prepared by adding 51.8 g Co(Il) nitrate
hexahydrate to a hot solution of 30 g anhydrous sodlium carbonate In 300
ml H20. After boiling for 15 minutes, the product was recovered by
cooling and filtration; solids were washed with HZO and air dried.
Cobaltous carbonate (28 g) was redissolved in 100 ml hot diluted glacial

acetic acid (1:2) and 0.7 mole of sodium nitrate {in 250 ml NH3 was

added. The resulting mixture was cooled and 140 ml of 307 H202 was
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slowly added with stirring. After standing in the ice bath for 20
minutes, 1.5 g of activated charcoal was added and the mixture was
heated for 1 hour. The charcoal was removed by filtration and the
filtrate was cooled for an hour to induce precipitation. The product
was filtered, washed with ethanol and ether, and air dried. The yield

was about 40%. The visible absorption spectrum obtained showed

A (€) = 430 nm (322 H_l cm-l).57
max

2.1.4 Potassium dinitrodiglycinatocobaltate(III)

K[Co(NOZ)z(Cﬂzcoz(NHz)zl

Twenty ml H_ O containing 0.2 mole (15 g) of glycine and 0.1 mole

2

(5.6 g) of KOH was added to 0.2 mole (17 g) of KNO, in 20 ml HZO' The

2

resulting mixture was added to 0.1 mole (17.7 g) of COOZCCH3‘3H20 in 20

ml HQO. Alr was bubbled vigorously through the mixture overnight. The
brown crystalline product was filtered and washed successively with 50%
CH3CH20H, 95% CH3CH20H, and ether, The final product was obtained by
recrystallization from hot H O and air dried. The visible absorption

2
-1 58
spectrum obtained was Xmax(s) = 466 nm (209 M

e ) in H,0.
2.1.5 Alkyl bromides
Alkyl bromides were synthesized from the corresponding alcohols

according to the method of Wilev et 31.59

Triphenylphosphirne (0.16~0.2
mole) was dissolved in 250 ml of methylene chloride under nitrogen,
cooled in an 1ce bath and a stoichiometric amount of bromine was added
dropwi{se over 20 minutes with stirring. The resulting slightly colored
solution was decolorized by back titration with additional triphenyl-
phosphine, A stoichiometric amount of pyridine then was added, followed

by slow addition of the alkyl alcchol (0.15-0.18 mole) over 45 minutes.

The lce bath was removed and the solutlon was allowed to stand for an
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additional 90 minutes. The solvent then was removed by rotary evapora-
tion. The solids were extracted three times with 100 ml pentane. The
pentane solution was chilled Iin a dry ice-acetone bath and the res{dual
white solids (triphenvlphosphine oxide) were filtered. The final
product was obtalned as a liquid by rotary evaporation of the solvent.
Yields were generally quantitative (94-100%). Purity was determined by
proton NMR spectroscopy;60 proton signals corresponding to a terminal
bromide (3.28-3.32 ppm) on methylene were found, whereas proton signals
attributable to the alcohol (3.45 ppm) of the starting materials were
absent.
2.1.6 4-~Alkylpyridine ligands

Alkylpyridine compounds were synthesized by reacting the Cn-l
alkyl bromide with 4-methylpyridine acc¢ording to the method of Brown and
Murphy.61 A 10% excess of 4-methylpyridine (0.17 mole) was added to 200
ml of ligquid ammonia vnder nitrogen, followed by addition of 0.15 mole
of NaNHz. The mixture was stirred for 30 minutes apnd the alkyl bromide
(0.15 mole) was slowly added over 90 minutes. The solution was stirred
until ammonia was no longer detected. Fifteen ml of H20 was carefully
added to the organic phase and the mixture was extracted with diethyl
ether. The ether extract was dried over Ca0O, decolorized by activated
charcoal, and suction filtered. The crude product was obtained by
rotary evaporation of the solvent, Distillation under reduced pressure
yielded a minor fraction (~1 ml) at low temperatures (30-35°C, 0.2-0.8
mm) and a major component (~20 ml) at high temperatures (60-135°C,
0.12-0.5 mm) depending on the chain length of the alkyl group. Boiling

points for Individual ligands NCSHA(CHZ)nCH=CH2 are: mn = 2, 60°C, 1.5

mm; n =5, 92°C, 0.4 mm; n = 7, 94°C, 0.4 mm: n = 9, 125°C, 0.2 mm;
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n = 10, 132-135°C, 0.5 mm. Proton shifts from 'R NMR analysis of the
final products were identical to those previously reported for pyridine
and vinyl groups.6O For the longer chain ligands {(n = 7-10), silica
gel chromatography was necessary to further purify the product following
distillation. Silica gel 60 (70-230 mesh) was packed onto glass columns
(5 em x 50 cem) and chloroform-ethyl acetate mixture (9:1, v/v) was used
as eluent. Colorless liguids were obtained, with slightly yellow
impurities retained on the column.

2.1.7 Chloropentaammineruthen!um(III) dichloride

[ (NH Ru(III)Cl]Cl2 was prepared according to a modified method of

3)5
Basolo et al.62 7.0 g of (NH3)5RU(III)C13 was refluxed in 150 ml 6N HC1
solution for 3.5 h. After cooling, vellow solids were recovered by
suction filtration, followed by washing with 6N HCl, ethanol, and ether.
The crude product then was redissolved in 6 1 of hot 3N HCl; residual
red unsocluble material was removed by filtration and discarded. Over-
night storage of the solution at 4°C yilelded yellow crystals. The
product was recovered by filtration, washed successively with 6N HC1,

ethanol, and HZO’ and dried in vacuum. The electronic spectrum obtained

3 1 cm_l) which is consistent with

3 H_l cm_l)].

showed X (e) = 325 nm (1.87 x 10° M
max

literature Value562 {A(e) = 328 nm (1.8 x 10
2.1.8 4-Alkenylpyridinepentaammineruthenimm(IIT) complexes

Attempted synthesis of the amphiphilic ruthenium(IT) complex bv a
previously reported method63 met with considerable difficulty. Specifi-
cally, extenslve hydrolysis was observed during complexation in the
inftfal reaction mixture as indicated by pronounced optical absorption

4
at 298 nm.6 Fur thermore, ether extraction following complexation did

not yleld clean separation of unreacted ligand from the complex, as
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evident from formaticon of emulsified solvent layers. Introduction of
water in the recrystallization step with ammonium hexafluorophosphate
also caused significant formation of hydrolyzed product. Overall, these
difficulties arose due to the hydrophobic nature of the ligand. These
problems were eliminated by minimizing the water content in the synthe-
sls, thereby slowing hydrolytic processes, and by using a less polar
solvent to achieve better separation of the product from the reaction
mixture. An explicit procedure for the complete synthesls of the
pentaammineruthentum(II) complexes is described below.

Approximately 250 mg [Ru(NH3)5C1]C12 in 5 ml dilute trifluoroacetic
ac{d (HTFA), pH 3.5, was reduced by amalgamated zinc for 40 minutes
under argon. The deoxygenated solution was transferred to an argon-
flushed solution containing 2.5 ml of ligand and 10 ml 100% ethanol.

The resulting bright orange solution was cooled in an ice bath and
allowed to react for 20 minutes, then was transferred toc a 25 ml
separatory funnel. An optical spectrum taken at this juncture showed a
shoulder at 298 nm and undefined intense uv abscorption. Addition of a
few ml of ethanol gave a white precipitate. Following suction filtra-
tion, the solution was extracted with 10 ml pentane. Small amounts of
white precipltate could also be seen in the lower phase. The optical
spectrum obtained following filtration still showed a small shoulder at
298 nm but well-defined bands at 247 and 261 nm appeared. The pentane
extract was discarded and to the remaining solution was added, with
stirring, a saturated ethanolic solution of ammonium hexafluorophos-
phate. The precipitate was stored several hours in the cold; filtration

yielded bright yellow solids. The complexes were recrystallized from

warm ethanol, washed with pentane, and freeze~dried in a lyophi{lizer.
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The electronic spectrum obtained in ethanol was )l(cx) = 408 nm (7180
ML cm_l) and AZ(EA) = 245 (4170 ML cm_l), which are similar to

previously reported values for the shorter (NH Ru-4-alkenylpyridine

3)5
analogs.

Oxidation of the Ru(IIl) complex to Ru(III) was accomplished with
silver {on. Approximately 100 mg Ru(II) complex was added to 5 ml of
dilute HTFA in which had been dissolved stoichiometric amounts of Agzo.
The resulting mixture was cooled i{n an ice bath and filtered through
celite to remove the black Ag precipitate. Solid sodium perchlorate was
added to the cooled filtrate until precipitation occurred. The product
was recrystalllized from warm water and dried under vacuum over

anhydrous CaSO Yields were generally 20-50 mg. The electronic

1

4
spectrum obtained 4in 0.1 M HTFA was l(ex) = 251 nm (5750 M~ cm_l) which
is consistent with reported values61 for (NH3)SRu(III)-A—alkenylpyridine
complexes.
2.1.9 (4-Alkenylpyridine)pentaamminecobalt complexes

The synthesis of pentaamminecobalt(IIT) complexes of the 4-
alkenylpyridine derivatives followed explicitly previously reported
procedures.6o Prolonged heating of an appropriate amount of
dimethylsulfoxidepentaamminecobalt(III) perchlorate and the 4-
alkenylpyridine ligand in dimethylsulfoxide (DMSO) or dimethylformamide
(DMF) yielded a deep-orange product solution. Moisture was excluded by
adding 4 A molecular sieve. The reactfon was carried out In an NZ
atmosphere. These procedures minimize hydrolysis and oxidation of the
ligand during the reaction. The product complex was extracted into

water, followed by ether extraction to achleve separation from unreacted

ligand, which was in excess. The f{nal product was obtained by
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precipitation with diluted perchloric acid. The electronic and proton
NMR spectral features were consistent with the previously reported
values.
2.1.10 Vanadous ion

Vanadous ion was prepared according to a previously reported
method.6S Vanadium(V) oxide in sulfuric acid (40 g V,0¢, 25 ml H

2804»

20 ml H20) was reduced by SO, to form vanadyl sulfate. The sulfate ion

2
was precipitated as barium sulfate by addition of barium perchlorate,
and vanadyl perchlorate was separated by filtration. The vanadium
content of the vanadyl perchlorate solution was determined by oxidation
to vanadium(V) using KMnO, followed by titration of vanadium(V) by
standard Fe2+ solution, with diphenylaminesulfonic acid as the
indicator.66 Vanadous ion was prepared by amalgamated zinc reduction of
the standard vanadyl perchlorate solution under argon.
2.1.11 Other reagents

Dihexadecylphosphate (DHP) and methylviologen dichloride (MVClZ)
were purchased from Sigma and recrystallized from acetone before use.
N~alkylviologen (CnMV2+) dichlorides and Zn(II) porphyrin (ZnTMPyP4+ and
ZnTPPSA_) tetrachlorides were supplied by Drs. A. M. Braun and X.
Kalyanasundaram at EPFL, Lausanne, Switzerland. Cupric 1lon solutions
were prepared by dissolving Cu(ClOA)2 in dilute trifluoroacetatic acid,
followed by precipitation of perchlorate ion by adding a stoichiometric
amount of potassium hydroxide. Cu(ll) concentrations were determined bv
the method of Kitson.67 Cuprous ion solutions were generated by anaero-
bic (Ar) reduction of excess Cu(II) by Cr(II) which was obtained by

reduction with zinc amalgam. Chromic perchlorate solutions were

prepared by reduction of primary standard potassium dichromate in HTFA
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with hydrogep peroxide following addition of perchloric acid to
precipitate potassium fon. Ascorbic acid solutions were freshly
prepared before use by dissolution in distilled water. Other chemicals
were reagent grade and used without further purification. Aqueous
solutions were prepared with distilled water that was either
doubly-distilled or purified by reverse osmosis in exchange
chromatography.
2.2 Vesicle Preparatiouns
2.2.1 Phosphatidylcholine vesicles

(a) Formation. Typically, vesicles were formed in 20 ml of 0.1 M
sodium acetate or potassium acetate buffer solution, pH 4.0, in a 25 ml
round bottom flask containing an appropriate amount of purified PC
(80~100 mg). Solutions were deoxygenated by purging with Ny«
Sonication was administered with constant flushing of N2 over the
solution surface for 2-3 hours with the flask immersed in an lce bath.
Sonicated solutions were centrifuged at 100,000 G for 195 minutes to
obtain unilamellatr vesicles. The clear supernatant was collected and
kept at 4°C until use. Usually the vesicles were used within 24 hours
after they were prepared. Incorporation of metal lons, ruthenium or
cobalt complexes into the vesicles was accomplished by cosonication of
the reagent with the phospholipid suspension.
Formation of nearly monodisperse PC vesicles containing Clevz+
bound to both inner and outer surfaces was achieved by cosonication of
phospholipids with the alkylviologen dichloride in 0.05 M phosphate
buffer, pH 6.0. For the photolytic experiments, appropriate amounts of

4+

ZnTMPyP and EDTA were added externally to give final concentrations of

2 x 107> Mand 1 x 1072 M, respectively.
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(b) Determination of PC content in vesicle solutions. Known

amounts of 140 labeled phosphatidylcholine (0.1 uCi, Amersham) were
evaporated to dryness by blowing a stream of N2 into the sonication
flask. Phosphatidylcholine suspension was then added and deoxygenated,
following the normal procedures for vesicle preparation. Analysis for
radicactive carbon was performed by dissolving the PC sample solution
into Aquasol scintillation liquid (1:9, v/v). The PC concentration in
the sample was calculated from scintillation counts that were recorded
on a Beckman LS-3133P {nstrument. An external standard of U'C—labeled
blank solution (2200 cpm) was measured prior to measurement of sample
solutions to ensure the accuracy of the instrument. The detection limit
of the instrument was about 30-30 cpm.

2.2.2 DHP vesicles

(a) General procedures. Appropriate amounts of DHP (40-50 mg) in

20 ml water or buffer solution was sonicated at elevated temperatures
(35-50°C) 1in air without presonication deaeration. The manipulative
procedures were different for various types of vesicle assemblies.
Detalled descriptions of the individual systems are given below.

{(b) Preparation of asymmetrical HV2+/DHP/sensitizer vesicles.

Fifty mg DHP in 20 ml distilled water was preheated at 80°C and
sonicated for 5 minutes before addttion of 1.8-3.6 mM methylviologen
dichloride; 0.1 N NaOHl was added dropwise during 30-45 minutes of
sonf{cation at maximum power for the microtip to obtain clarification.
The final pH was adjusted to 8.4, The slightly hazy solution was either
f{ltered successively through 0.45 and 0.22 um Millipore membranes or
centrifuged at 100,000 G for ! h to remove particulate matter. The

filtered or centr{fuged solution was passed down 3 2 x 15 cm Bio-Rad
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AG S0W-X8 column in the hydrogen ion form. Vesicles were recovered in
2.0 m} fractions jmmediately following the column void volume. Internal

methyl viologen concentrations were determined spectrophotometrically

2+ 4 1

both as MV4Y ar 256 nmp (e = 1.88 x 10° ML em™ 1) and as MV’ at 600 nm

4 1 ~]

M oem )68

(e = 1.24 x 10 by sodium dithionite reduction in the
presence of methanol. Sodium dithionite solutions were freshly prepared
in aqueous buffer (0.05 M Tris, pH 7.8); all solutions were purged of
oxygen by bubbling with argon before viologen reduction with dithionite.
Sufficient EDTA (0.1 M, pH 7.8) and 0.1 N NaOH were added to the
chromatographed vesicle fractions (pH 2.8) to give a final concentration
of 1| mM EDTA, pH 8.4. Appropriate amounts of Ru(bpy)%+ or ZnTMPyP4+
ions were added to give formal concentratiens of 3 x 10_5 M and 1.6 x

107>

M, respectively.

The preparation of DHP-bound methylviologen in buffer solutions was
similar to that in water. DHP and methylviologen were cosonicated in
0.05 M Tris-HCl, pH 7.8, at 50°C for 45 minutes. Filtered or
centrifuged vesicle solutions were passed down a 2 x 20 cm Sephadex G-50
column to remove external methylviologen. Subsequent manipulations and

analysis of the chromatographed vesicles were the same as in preparation

of DHP vesicles in water except addition of NaOH was unnecessary.

+ .
(¢) Preparation of symmetrically-bound clégyz ~DHP-sensitizer
vesicle assemblies. 5 x IO_A M C16MV2+ in 0.02 M Tris, pH 7.8 was

cosonicated with 4 x 10_3 M DHP at 50°C for 45 minutes. The sonicated
solution was centrifuged to give nearly monodisperse viologen-containing
vegicles free of titanium particles. 1In vesicles containing internal

ferricyanide, 0.02 M of potassium ferricyanide was included in the

sonication solution. External ferricyanide was then removed by Sephadex
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G-50 chromatography similar to the preparative procedure for DHP vesicle
assemblies in buffer solutions. Occluded ferricyanide concentration
levels were determined either by difference absorption spectral
measurements of ferricyanide-viologen~DHP vesicles against DHP vesicles,

1

using a molar absorptivity 1040 M cm_l for ferricyanide, which

%20 T
was determined spectrophctometrically, or atomic absorption measurements
using Fe(CN)Z_ standard solutions containing DHP vesicles. 1In the
photolytic experiments, appropriate amounts of external donor tricine
and photosensitizer ZnTPPSa— were added externally to give final concen-
trations of 0.1 M and 4 x 10-5 M, respectively.

+ -
(d) Preparation of externally-bound CleMV2 ~DHP-sensitizer

; . . + .,
vesicle assemblies. Adsorption of CléMV2 ions to the external surfaces

of DHP vesicles which carried internal ferricyanide ions was achieved by
either solution mixing or sonication pulses. In the former method, 3 ml
of C16MV2+ (5 x IOQA M) in 0.02 M Tris, pH 7.8 was added dropwise in 50

3 M)

pl fractions to 3 ml of gel-chromatographed DHP vesicles (8 x 10
containing internal ferricyanide. The mixing required ] hour with
constant slow stirring. The resulting solution was further chromato-
graphed on a Sephadex G-50 column. The latter method involved short
bursts of sonication (15 seconds) to obtain clarification of the vesicle
solution after each viologen addition followed by gel chromatography to
remove any residual viologen or Fe(CN)g_ ion in the external medium.

Ferricyanide concentration levels were determined both before and after

the viclogen addition to vesicles prepared by both methods.
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2.3 Other Methods
2.3.1 Gel exclusion chromatography

Sephadex G-50 beads were presoaked in distilled water overnight
prior to loading into the glass column, which was 2 x 40 ¢m and equipped
with two reversible flow adaptors. The column void volume was deter-
mined by applying 2 m) samples of blue dextran (2 mg) onto the packed
column, and measuring the eluted solvent volume until blue dextran
appeared in the eluant. Column voild volumes were about 12 ml. The
column was preequilibrated with buffer prior to loading of veslicle
samples. Eluted vesicle solutions were collected {in 2 ml fractions
using a Gilson Model FC-80E fractionator operated in the drop-counting
mode. The flow rate was adjusted to 1 ml/minute,

2.3.2 Passive diffuslon of MV2' from DRP vesicles

The leakage of metnylviologen bound to inner surfaces of DHP
vesicles in 0.05 M Tris, pH 7.8 was studied from 10-35°C. The vesicle
solution was i{ncubated in a temperature bath. At various time
intervals, 20 ul of freshly prepared sodium dithionite solution was
added to 2.0 ml aliquots taken from the solutfon and absorbance changes
at 600 nm were recorded.

Hydroxylic amine-induced viologen d{ffusion was measured 1in a
gsimilar manner. 20 pl of 0.5 M Tris-HCl, triethanolamine, or tricine,
pH 7.8, was added to 2.0 ml aliquots of MV2+”DHPﬂRu(bpy)§+ vesicles69 in
aqueous solutions at 23°C followed by a 15-20 minute incubation period.
Then freshly prepared sodium dithionite (20 nul) was added and the

absorbance changes were recorded.
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2.3.3 Investigation of possible photodamage of DHP vesicles

A 2 ml aliquot of DHP vesicle solution prepared in 0.05 M Tris, pH
7.8, which contained internally bound Mvz+ (0.1 M), externally bound
Ru(bpy)%+ (2 x 10_5 M), and external EDTA (1 mM) was tested for external
viologen by adding 0.2 ml deoxygenated sodium dithionite. The residual
external methylviologen radical cation concentration detected was 3.4 x
10_6 M. Another 2 ml aliquot was photolysed by continuous illumination
at 15°C for 30 min and again subjected to the dithionite test. The
detected MyT concentration was 6.5 x 10_6 M. Similarly, another 2 ml
aliquot of vesicle solution was photolysed in identical condition and
allowed to stand in the dark for an additional 30 minutes. The
dithionite test gave identical external mv* concentrations before and
after ageing.
2.3.4 Thermal diffusion of ferricyanide across DHP vesicles

DHP vesicles containing internal ferricyanide were prepared as

usual by cosonicating 20 mM K Fe(CN), with 4 mM DHP in 0.02 M Tris, pH

)6
7.8. External Fe(CN)g- was removed by Sephadex G-50 chromatography.
Seventy-six ml of the chromatographed sample sclution was subjected to
vltrafiltration in a 47 mm sctirred cell using a 10,000 nominal molecular
weight cutoff Pellicon membrane. Three successive filtrations were per-
formed with a time interval of 2 hours between each filtration without
replacing lost solvent from the retained vesicle solution. The combined

filtrates were 68 ml. Iron contents in the filtrates and retained

vesicle solutions were analyzed by atomic absorption spectroscopy.
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2.3.5 Photoinduced diffusion of Pe(CN)g_ ion across DHP vesicles

containing C16HV2+
An asymmetrically organized vesicle solution (0.02 M Tris, pH 7.8)
comprising DHP vesicles (4 mM) with CL6MV2+ bound to both surfaces (0.5

mM) Fe(CN)63_ within the inner aqueocus phase (0.02 M) and both ZnTPPs’”

(2 x 10-5 M) and tricine (0.1 M) in the external medium was prepared by
the usual procedures. Fifteen ml of this sample solution was subjected
to membrane ultrafiltration and subsequent atcmic absorption spectros-
copy as described above to examine leakage of Fe(CN)g_. Another 10 ml
aliquot was 1lluminated with visible light (X% > 500 nm) under conditions
described in the photolytic experiments to form viologen radical cations
(See Section 2.4.4). After 60 minutes, the distribution of Fe(CN)g- in
the aqueous phase was again determined by membrane ultrafiltration and
atomic absorption analysis.
2.3.6 Membrane ultrafiltration

The vesicle solution containing either encapsulated or bound
species was placed in a 47 mm filtration cell containing a prewetted
Pellicon PSED semipermeable membrane, nominal molecular weight cutoff
2.5 x lO/4 amu, with a Teflon stirring bar. The cell was connected to a
Pellicon Carousel Manifold equipped with a magnetic stirring motor in
the central column, then was pressurized with N, gas to 20~25 psi. The
flow rate of the filtering solution was asbout 0.2 ml/minute.
2.3.7 Encapsulation of transition metal cowplexes inm
phosphatidylcholine vesicles

The species to be entrapped was cosonicated with phosphatidyl-
choline suspension to achieve clarification of the solution. Nearly

monodisperse vesicles were collected by ultracentrifugation at
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100,000 G, The metal fons in the external aqueous phase of vesicle
solutions were removed In an ultrafiltration cell using Pellicon
membrane. Typically, 20 ml filtrate was collected from & 40 ml sample,
and 20 ml bhuffer was added to the retained vesicle solution after each
filtration step. Completion of the entire washing process consisted of
9-14 fi{ltration steps and usually required 3-4 hours. The metal content
in the filtrates, initial vesicle solution, and finmal vesicle solution
were analyzed by atomic absorption spectroscopy. The integrity of the
veslicles was checked by analysis for lZ‘C radloactivity in the filtrates
obtained from vesicle solutions containing 1Ac—phosphal:idylcholine.
2.3.8 External binding of cobalt complexes to phosphatidylcholipe
vesicles

Standard solutions of 4-alkenylpyridinepentaamminecobalt(III)
complexes (~1 x 10~4 M) were prepared in 0,1 M acetate buffer, pH 4.0.
The cobalt content was determined either spectrophotometrically using
previously reported molar absorptivitiesS8 or by atomic absorption
spectroscopy. One ml increments of the standard cobalt solutions were
added to 20 ml of preformed PC vesicle solution contained {n an
ultraftltration cell. One ml filtrates were collected following each
addition of complex solution. The cobalt contents in the filtrates and
final vesicle solution were analyzed by atomic absorption spectroscopy.
Vesicle integrity was checked by 1Z‘C-radioisotopic analysis.

The cobalt content in the retained vesicle solution before each

filtration step (n) was determined from the following equation:

n _ n-1 n-1

Cototal - Cototal ~ “out

n
+ Co_ 44 (8)
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The retained cobalt concentration CO:otal (mg) in step n is obtained by
subtraction of the filtrate cobalt concentration CZ;i (mg) which was

determined by atomic absorption spectroscopy In the previous step (n-1),
from the previous total cobalt concentration C°231a1 (mg), then combined

with the added cobalt concentration Cozdd (mg). In the inital step,

n=1, Co1 = Co . The cobalt concentration in the vesicle solution
total add

n

is obtained by dividing Cototal

(mg) by the vesicle solutfon volume,
v?(1). The bound cobalt concentration Cogound i{s obtained by
subtracting the filtrate cobalt concentration C°2u: from the total
concentration, {,e.,

Cogound - Cototal - Cogut (%)
Because the cobalt complexes contain a hydrophobic alkyl group,
substantial adsorption onto the filter membrane in the absence of
vesicles was observed. Correction factors were obtained In vesicle-free
solutions by taking the rati{o of retained concentration to filtrate
concentration. Figure 18 shows results indicating that retention by the
filter is nearly linear over the concentration range Investigated; ratio
values of 1.8 and 1.4 (retained Co concentration to filtrate Co

concentration) were obtained for (NH Co—A—(10‘—undecenyl)pyridine3+

3)5

and (NH Co—lo—(8'—nonenyl)pyridine3+ ions.

3)5
2.4 Instrumentation
2.4.1 Atomic absorption Bpectroscopy

Analysis of metal contents of solutions containing ferricyanide,

pentaamminecobaltalkenylpyridine complexes, and other transition metal

complexes were made on an Instrumentation Laboratories Model 551
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spectrometer operated in the absorption mode. An air/acetylene flame
was used to atomize the samples. Lamp currents were adjusted to 70-807%
of the maximum allowed values to obtain maximum sensitivity. The detec-
tion wavelengths for fron, cobalt, copper and ruthenium were 372.6,
346.4, 218.3, and 349.9 nm, respectively. For each metal analysis,
standard solutions of the metal complex {in the appropriate concentration
levels (1-30 ppm) were freshly prepared to obtain calibration curves: in
all instances, the curves were linear. Sample solutions were also ad-
Justed to the appropriate concentration range before measurement.
Chemical interference was not found In PC vesicle solutions for fron and
cobalt, 1.e., addition of PC vesicles to standard solutions did not
change the measured absorbancies, but for ruthenium analysis, added
phospholipid vesicles caused the measured ruthenium concentration levels
to Increase two—fold over the original concentrations. Calibratfon
curves obtained with vesicles Included gave erratic results; hence,
ruthenfum contents in PC vesicles containing 4-alkenylpyridinepenta-
ammineruthenium(III) fons could not be determined by this method.
2.4.2 Transmission electron microscopy

Two to four drops of sample solution contalning approximately
10—3 M phospholipid were deposited on a 200 mesh copper grid which was
supported by carbon or Formvar films. An absorbing filter paper was
placed beneath the copper grid to facilitate sample dispersion on the
surface. Immediately after deposition of the sample, 1-2 drops of
stalning solution contalning 70% phosphotungstic acid in 707 ethanol was
added to the grid surface In the same manner. It was found that
allowing the sample to dry completely before the staining step gave

fictitiously large vesicle sizes (~800 A diameter), presumably due to



30

evaporating action of the solvent causing the vesicles to become
flattened. Fixation by the stain before the complete evaporation of the
vesicle Internal solvent eliminated this error.

Electron micrographs were obtained on a Hitachi HU 11-BB transmis-
sion electron microscope operating at 100 kV with the No. 2 polepiece
inserted. Magnification factors were obtained from the corresponding
intermediate lens current calibration curve.

2.4.3 Low angle laser scattering spectroscopy

The determination of vesicle size by quasielastic light scattering
spectroscopy is based on the measurements of time-averaged light
intensities of the scatrtered light due to the thermal diffusion of the
scattering particles in the solucion.7o These measurements can generate
a power spectrum which can be transformed into the autocorrelation
function, C(t), which is an exponential function of the general form:

2
C(t) = ¢ 2X°DL (10)

where X is the scattering vector given by

K = l';”‘ sin 8/2 (11)
(e}

and D represents the diffusion coefficient of the particles. 1In
equation !}, n 18 the solution refractive index, Ao is the wavelength of
the incident light in vacuvum, and 6 1is the angle of scattered light.
For a monodisperse solution of noninteracting particles, the time

constant Tc of C(t) is directly related to D, i.e.,
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Te = [2x%p)7! (12)

For a polydisperse solution, the decay is non-exponential and the
deviation can be represented by Koppel's equation,7l a cubic polynomial
fit to cthe logarithm of the time dependent part of the correlation

function:

In [C(r) = G(=)] = 2(x_ = x ¢ + xye2 = xy¢) (13)

1 2 3

1f deviation from exponential decay is positive (positive curvature) the

2 .
Xor" term is greater than x3t3, thus:

In [C(t) ~ C(x)]) = 2(x0 - %, t + X.t ) (14)

1 X2

The deviation from exponential decay is

Aln [C(t) = C(=))

= In [C(t) - C(=)] - 1In [C(t) - C(m)]exponential (15)

Since 1ln [C(t) - C(°°)]exponential = —2K2Dt, Xy = K2D, and

M [C(1) = C(=)] = 2x_ + 2 £ 2 (16)

2

Also, 2x2 = KADZV, where v is the variance; hence,

In (6() - C(=)) = 2x_ + k4 p2yc? (17)
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Plotting ln [C(t) - C(=)] vs. t2 would yield a straight line with slope

2 R
equal to KAD'v. From equation (12), the variance is obtained:
v = (4‘%2)(slope) (18)

Assuming the particles to be spherical, the diffusion coefficient,
D, in a medium of viscosity n is related to the hydrodynamic radius, RH’
of the scattered particle by the Stokes-Einstein equation:

D = kT/6 ™n R (195

H
where T 1is the temperature (°K) and k is the Boltzmann constant.

Combining equations (12) and (19) eliminates D, and the hydrodvnamic

radius is obtained:

2
R, - <2er ) T (20)
i 6mn

Quasielastic light scattering measurements were made on a Chromatix
KMX-6 photomecter interfaced to a Langley-Ford autocorrelator. Experi-
mentally determined Tc values were used in equation (20) to calculate RH

16 o em?/s2, T = 298 K, n = 8.904 x 10 -

values using k = 1.358 x 10
poise, and for calculation of K in equation (11), n = 1.332, )0 = 632.8
nm, and 9 = 4.5° were used.

2.4.4 Photochemical methods

(a) Steady-state photolysis. Six to ten ml sample solutions

containing viologen-DHP vesicles which had been manipulated into their
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proper configurations (symmetrically or asymmetrically bound) were
purged of O, by bubbling with argon in a glass vessel in the dark for
one hour. Traces of oxygen were removed by passing the argon stream
through a BASF R3-11 activated copper column before entering the vessel.
The gas delivery line was made entirely of copper and glass tubing.
Transfers of deoxygenated solutions were made via a special V-bore 4-way
stopcock72 to a cylindrical optical cell (1 cm pathlength) which was
fitted to the purging vessel using all-glass connections. This assembly
allows solution transfer with minimum risk of 0, contamination. The
optical cell was immersed in a beaker-shaped glass vessel (~500 ml)
through which water was circulated from a Lauda K-2/R temperature bath.
The vessel was fitred with a Pyrex optical flat to allow entrance of
photostimulating light. During illumination, the bath temperature was
maintained constant to 0.1°C. An iron-constancan thermocouple immerscd
in the optical cell was used to measure temperature changes in the
reaction sclution during illumination of sensitizer-bound vesicles.
Solution temperatures were found to increase only a few tenths of a
degree (maximum 0.8°C/hour) during the illumination period.

The illumination source was a Hanovia 200 W high-pressure
mercury-xenon compact arc lamp mounted in a Bauch & Lomb mercury light
source housing powered by a Kepco Model KS 60-20(M) regulated DC power
supply. Emitted light was passed through an achromatic condenser lens
and appropriate optical cutoff filters to remove high energy radiation
before impinging on the sample. Corning 410 nm, 515 nm, and 495 nm
cutoff filters were used for experiments with Ru(bpy)§+, ZnTMPyP4+, and
2nTPPSA~ ions as photosensitizers, respectively. Incident light inten-

) -8
sities were estimated by ferrioxalate act1n0mecry73 to be 6.4 x 10



einscein/second for the 410 nm filtered light; calculations were based
upon the assumption that @Fe2+ = 1.0. Becauvuse the spectral envelopes of
Ru(bpy)32+ and ferrioxalate are similar under these conditions, the
method gives a rough estimate of the photons absorbed by sensitizer
during continuous photolysis. Solution transmittances in the near uv
(340-400 nm) and visible regions (550~680 nm) where the viologen radical
cation is the principal chromophore, were recorded before illumination
and at various time intervals during illumination.

Individual determinations were generally repeated three times.
External viologen was measured immediately before and after illumination
by dithionite. In photostimulated methyl viologen diffusion experiments
where the viologen radical cation had accumulated as a consequence of
photolysis, it was reoxidized by pulsing the solution with 02, then
repurging of residual! oxygen before dithionite addition.

(b) Laser flash photolysis. Laser flash photolysis was petrformed

with a JK-2000 frequency doubled (532 nm) Q-switched neodynium laser

with a pulse width of 15 nanoseconds. The optical detection in kinecic
spectroscopy was essentially as previously described.74 For 610 nm
detection wavelength, an RCA 1P28 photomultiplier and 630 nm optical
cutoff filters were used to attenuate incident light beam, while for 890
nm detection, a photodiode and 810 nm cutoff filters were used. Slit
widths were adjusted to obtain Io = 100 mv in both detection wave-
lengths. Transient curves were recorded using a Tektronix WP-2221 data
acquisition system equipped with two R-7912 transient digitizers.

Sample solutions were contained in | cm pathlength rectangular optical

quartz cells ficted with long necks to allow rigorous deoxygenation.
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Anaerobic conditions were achieved by bubbling with N, purified by

2
passing through an Oxiclear oxygen purifier.
2.4.5 Kinetic methods

Rapid kinetic measurements were made on a stopped-flow Instrument
of conventional design.63 Sample solutlons were prepared in
argon—-purged anaerobic reservoirs and loaded directly into the drive
syringes without exposure to alr In the mixing block, which was
thermostatted. Transmittance changes were recorded on a Tektronix 549
storage oscilloscope.

Kinetic measurements of slow-phase reduction of vesicle-bound
4—alkenylpyridinepentaammineruthenium(III) complexes in phosphatidyl-
choline vesicles were made on a Cary 16 spectrophotometer. Typically,
deoxygenated rutheniumvesicle solut{ions (2.3 ml) which had been bubbled
under chromous—scrubbed argon at 4°C for 45 minutes were syringe-
transferred {nto an argon—flushed 1.0 ¢m pathlength cylindrical optical
cell capped with a rubber serum, then were allowed a few minutes to
attain thermal equilibrium with the thermostatted cell compartment in
the spectrophotometer. Reaction was Initliated by syringe-transfer of
the anaerobic reductant soclution (0.2 ml) i{ntc the optical cell
containing the sample solution. Absorbance changes at 415 nm were
followed within 30 seconds after mixing. Complete visible spectra were
recorded 5-10 minvtes after reaction started and at different time
Intervals.

The procedure for reduction of pentaammineruthenium(III) complexes
in homogeneous solutions was similar as described above except

phosphatidylcholine vesicles were absent from the sample solutions and

the monitored wavelength for absorbance changes was 400 nm.
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2.4.6 Other instrumentation

Ultracentrifugation was performed using a Beckman Ty65 fixed-angle
rotor on a Model LS-65 instrument. Polycarbonate tubes (13 ml) were
used to hold sample solutions. The temperature was maintained at 4°C
for phosphatidvlcholine and 23°C for DHP vesicle solurions. Electronic
absorption and optical difference absorption spectra were obtained on
Cary 16 or Varian 219 instruments. Sonication was performed on an
Ultrasonic Model WI185 F sonicator equipped with a microtip probe run at
70 W power. Turbidity measurements were made on Hach 2100 A turbidi-
meter. Infrared absorption spectra were obtained on a Perkin-Elmer 621
spectrophotometer, Proton magnetic resonance spectra were obtained on a
Varian Model H-100 spectrometer using tectramethylsilane as an internal

standard.
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CHAPTER 3

RESULTS
3.1 PFormation of vesicle solutions

Continuous sonicatfon of phosphatidylcholine (PC) suspensions for 2

hours at 4°C produced slightly hazy solutions which showed no further
visual change upon prolonged sonication (up to 3 hours). Incorporation
of pentaammineruthenium and pentaamminecobaltalkyenlpyridine complexes,
or alkylviologen fons inte PC vesicles dy cosonication required less
sonication time (1.5 hour) than formation of PC vesicle alone. Trans-
mission electron microscopy showed the sonicated solution contained both
large multilamellar and small vesicles (Figure. 1). Ultracentrifugation
of the sonlcated solution yielded a clear supernatant and a small

146 _1abeled PC

pellet. Analysis of PC preparations by incorporating
showed that the supernatant contained 30-40%7 of the phospholipid used.
Usually, PC samples containing 100-120 mg of the starting material
gave 30-40 mg In the supernatant fraction. The centrifuged solution
contained nearly monodisperse unilamellar vesicles with radii of 130 +
15 A and a small fraction of large vesicles with radii of 353 + 18 A as
determined by electron microscopy (Figure 2). Autocorrelation decay
curves from light scattering spectroscopy performed on centrifugated
solutions gave average hydrodynamic radi{ (RH) of 230 A. Incorporation
of (NH3)SRU—4—(11'-dodecenylpyridine) complexes {nto vesicles produced

slightly smaller RH values and Increasing variance with increasing

concentration of the complex. Light scattering data are summarized {n
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Table 1, Representative decay curves are gilven in Figure 3. Changing
medium conditions did not appear to affect the physical parameters;
godium or potassium acetate buffers from 0.01 te 0.1 M, pH 4.0, or 0.05
M phosphate, pM 6.5, all allowed formation of single bilayer vesicles.
Inclusion of various transition metal complexes in PC suspensions also
did not appreciably alter the macroscoplic formation characteristics. In
general, the colored vesicle solutions reflected the chromophoric metal
lons that were contained within them,

Dihexadecylphosphate (DHP) vesicles formed more readily than PC at
elevated temperatures (50-60°C) in either neutral or basic media. Soni-
cation of 4 mM DHP suspended in hydroxylic amine buffers (Tris, tricine,
triethanolamine) ranging from 0.02 to 0.5 M, pH 7.8, produced clear
solutions that passed easily through 0.2 um Millipore membranes. How-
ever, attempts to form DHP vesicles {n water without addition of base
falled. Prolonged sonication (>2 hours) of DHP suspensions at 80°C did
not yleld clear solutions: i.e,, large undispersed particles remained in
solutions. Clarification was obtained only after addi{tion of sodium
hydroxtde (~1 mM). Other researchers have found that formation of DHP
vesicles In acidic aqueous medfa (pH 3.5) requires melting of the DHP

solids or films prior to sonication,75’76

and vesicles prepared from
NaOH solutions have a slightly di{fferent size75 and head~group
structure.76 These results suggest that Interaction between the head
groups with the bulk medium i{s important in promoting vesicle formation.
Presumably, protonat{on of the phosphate head group retards solubiliza-
tion of monomers in aqueous solution, thus preventing bilayer formation.
In addition, prolonged sonication in the presence of polyanions such as

EDTAA- (0.3 M), Fe(CN)g— (0.035 M), or acetate (0.1 M) ions, and high
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concentrations of glycine (0.1 M), tetramethylammonium (0.5 M), or
methyl viologen dications (>3 mM), also did not produce clarification of
solutions. Addition of MV2Y up to 80%, or alkyl viologen (cl6nv2+,
ClAMV2+) up to 30%Z of the molar concentration of DHP still allowed
formation of stable vesicles. Data obtained from light scattering
spectroscopy are summarized in Table 2.
3.2 Solute binding by vesicles

Binding of a varlety of compounds to vesicle surfaces was demon-
strated by three general methods. Adsorption of chromophoric dyes to
the vesicle surface, which 1s a different microenvironment from the bulk
agueous phase, gives rise to spectral shifts In their optical spectra
that are easily detected by difference spectroscopy. Strong binding can
further be demonstrated by membrane ultrafiltration. When the
chromophores are added to solutions containing vesicles that are unabdle
to pass through the semipermeable membrane, the added chromophores
remain with the vesicles; when the vesicles are absent, the chromophore
passes freely through the membrane. Finally, comigration of the bound
chromophore with vesicle fractlons occurs when chromophore-vesicle
solutions are passed down dextran gel columns, indicating binding, while
free chromophores are retarded by the sieving action of the gel. The
binding of four types of compounds to PC and DHP vesicles 1s summarized
in Table 3,

Optical difference spectra obtained by addition of photosensitizers
ZnTMPyP4+ and Ru(bpy)§+ (1:120, sensitizer to DHP ratio) In 0.05 M Tris
solutions show bathochromic shifts of 15-18 nm in their visible bands as

presented in Figure 4. For ZnTMPyPA+, strong binding was also confirmed

by ultrafiltration Iin which 90% of the added porphyrin was retained in
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DHP vesicle solutions (a few percent loss was attributable to minor
adsorption onto the semipermeable membrane surface), and by gel
chromatography experiments in which the sensitizer comigrated with the
vesicles under conditions where unbound ZnTMPyP4+ ions showed 2 signifi-
cantly longer retention time (Figure 5). However, when increasing
concentrations of TEOA were added to the medium, the bound ZnTMPyPA+
ions were graduvally displaced from the DHP vesicle surface. At 0.25 M
TEOA, the binding properties were completely lost: spectral shifes
disappeared, ZnTMPyPl'+ ions became diffusible through semipermeable
membranes and were retarded on gel columns. This displacement was not
due to simple salt effects since tetramethylammonium chloride at
comparable ionic strength (v = 0.5 M) had no detectable effect on
binding.

In contrast to ZnTMPyP4+, ZnTPPSA_ ions do not bind to DHP vesicles
by the above-mentioned criteria. Likewise, when DHP was replaced by PC
(in 0.05 M phosphate, pH 6.5), no evidence of binding of the three
sensitizers was detected.

Binding of MV2+ ion and its alkyl derivatives to vesicle surfaces
was also studied in asymmetrically organized vesicle assemblies. Since
viologen dications do not absorb in the visible region (Amax = 256 nm),
the use of optical difference spectroscopy to obtain directly the
spectral perturbation due to binding is hindered. However, viologen
radical monocations formed by one electron reduction are intensely
colored in the visible region, providing a means to obtain indirect
evidence of dication adsorption if one can assume that MV2+ binds more

+ . .
strongly to the vesicle surface than MV . This assumption is reasonable
gly p

on the basis of electrostatics; an anionic surface should display a
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higher affinity for dipositive species than its monopositive

2% by dithionite in anaerobic DHP vesicle

counterpart. Reduction of MV
solution generated a spectrum which is slightly different from that of
MVT in homogeneous solution (Figure 6). Similarly, reduction of the

2+, under the same conditions, also produced the

alkylviologen, C16MV
same type of perturbation in its electronic spectra (Figure 7). Close
examination of the spectral changes reveals a lack of broad absorption
ar 382 nm with the appearance of a strong sharp band at 395 nm, and in
the visible region, a broad absorption envelope centered around 602 nm,
which are diagnostic of the presence of predominantly monomeric species.
In contrast, alkylviologen monocation radicals are known to form
aggregates in homogeneous solutions,77 exhibiting broad ahsorption bands
at 382 nm and 545 nm. In the present DHP system, alkylviologen radical
cations appear to be solubilized as monomers on the vesicle surface.

This conclusion {s supported by the observation that in the absence of

vesicles, C16MV+ ions slowly precipitated out of solution, while in the
presence of DHP, they remained solubilized.

2+-DHP solutions also gave

Gel chromatography performed on MV
evidence of viologen binding. Association of MV2+ ions to vesicle
surfaces appears weaker than that of ZnTMPyP4+ ions as illustrated in
the elution profile presented in Figure 8. Opnly partial binding was

observed, while a substantial portion of MV2+

ions lagged behind the
vesicle band. Binding of alkylviologens to DHP vesicles, on the
contrary, was complete, as shown in Figure 9; essentially all the

viologens co-chromatographed with vesicles, as detected by dithionite

reduction.
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Binding of amphiphilic charged species to PC vesicle surfaces was
also demonstrated by gel chromatography. Phosphatidylecholine vesicles
2+ 2+
formed in the presence of C16MV or ClAHV ions Incorporated the
viologens as shown by their elution profiles on dextran gel columns

(Figure 10). With C1 Hv2+, no lagging was observed; in the case of

&
ClAMV2+’ however, about 107 of the viologen was retarded. Partial
binding was also observed when CIGHV2+ ions were added externally to
preformed vesicles (Figure 11).

Similar results were obtained In studies of binding of penta-
ammineruthenium(III) alkenylpyridine complexes to PC vesicles. The
degree of binding increases with the length of the alkyl chain on the
substituted pyridine. Figures 12 and 13 show the elution behavior of
the complexes on Sephadex G-50 columns. The (NHB)SRu—A—(ll'—
dodecenyl)py3+ fons, which contai{n the longest alkyl group used, show
complete comigration with the vesicles, while the other three complexes
show increasing amounts of retarded free ilons as the number of carbon
atoms In the alkyl chain decreases from 9, 7, to 4, respectively,

Optical difference spectroscopy performed on (NH Ru-4-(11'-

3)5
dodecenyl)py2+—PC vesicle solutions generated by elither dithionfte or
ascorbate reduction, also gave differing degrees of spectral shifts for
the varfous fons in the 396-420 nm region where 4-alkenylpyridine
pentaammineruthenium(II) ions absorb strongly. Again, the (NH3)5Ru—
4-(11'—dodecenyl)py2+ ion shows the largest bathochromic shift, from 396
to 418 nm (Figure 14), while (NH3)5Ru—4-(8'—nonenyl)py2+ and (NH3)5Ru—A—
(6‘—hepteny1)py2+ show correspondingly smaller shifts (Tigures 15, 16).

The (NH Ru—é—(3'—buteny1)py2+ ion, which contains only a four-carbon

3)5

chain, shows an almost vndetectable shift (<2 nm).
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Binding of two amphiphiliec Co(IIl) complexes, (NH3)5C0‘4‘(10'-
undecenyl)py3+ and (NH3)5C0-4-(8‘—nonenyl)py3+, to external PC vesicle
surfaces was demonstrated by membrane ultrafiltration. Incremental
addition of the Co complexes to solutions containing PC vesicles
resulted in significant retention. Figure 17 shows the measured cobalt
concentration in the filcrates was less than that in the retained
solution before filtration, which is indicative of binding. However,
due to the hydrophobic alkyl group which the complexes contain,
substantial adsorption onto the filter membrane in the absence of
vesicles was also observed. Correction factors were obtained in
vesicle-free solutions by taking the ratio of retained concentration to
filtrate concentration (Figure 18). Curves of bound Co concentrations
corrected for binding to the semipermeable membrane versus free Co
concentrations show saturation binding as shown in Figures 19 and 20,
the (NH3)SCo—4—(10‘—undecenyl)Py3+ complex exhibits stronger binding.

An adsorption density value o(number of adsorbed Coﬁﬂz) was calculated

by the following equation:
o} =Gn/4ﬂr (21)
o
where n = number of PC monomers in a vesicle, r, = vesicle outer radivs,
and y = number of adsorbed ions per vesicle. Taking n = 2700 and r, =

130 A,

o = v/78.7 A2 (22)
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To describe the binding of charged molecules to a neutral vesicle
membrane surface, one has to take into account the surface potential
generated. Three basic relations to describe the binding of ions to the
surface, the statistical distribution of the electrolytes in the
solution volume near the charge interface, and the electroststic effects
of the potential on the ions can be incorporated to give what is called

the Stern mode1.78 Equation (23),

o= 1/K(e™ - o )[B] __ (23)

is a form of the Langmuir adsorption isotherm which relates <« , the
number of molecules adsorbed per unit area to om, the maximum number of
adsorbed molecules per unit area, K, is the dissociation constant, and
[B]x=0 is the aqueous concentration of the adsorbing species at the

membrane-solvent interface. Equation 24,

(8"F) = (8" exp[nFy_/RT] (24)

n+ n+

+
relates |B to {B™), the aqueous concentration of B"  in the bulk

]x=O

phase using the electrostatic potential ﬁb at the membrane surface in a

Boltzmann form. Finally, equation 25,
- 1/2
sinh (FV /2RT) = Ao /C (25)

which is based on the Gouy-Chapman theory of diffuse double layer,

describes the electrostatic potential produced by o the charge density

S)

on the surface due to adsorbed ions. In this equation, C is the
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concentration of monovalent ions in the bulk phase, and A is a constant
which depends on temperature and dielectric constant. At 25°C,
- 1/2 g2 . _ ,
A= 136.6 M /electric charge. For n =1, i.e., adsorption of
monopositive ions, combination of equations 23-25 results in a
+ , ) .
transcendental expression relating o and [B ) (equation 26, derivation

given in Appendix II1),

oK (" - o)[B+] _ 4425202

+ + 2
™ - o) (8" oK ¢ (26)

For n > 1 cases, however, the exponential form contained in equation 24,
eXP[ﬂFW%/RT], cannot be easily transformed into a hyperbolical function
in the form of equaticn 25 which is not dependent on n. Therefore, for
adsorption of multicharged ions, the Stern equation is not obtained.
Nonetheless, a treatment of the experimental data obtained in binding
studies of amphiphilic pentaamminecoblat complexes using the Stern
equation is attempted. Experimentally determined values of o and
[CO]out’ the concentration of Co complexes in the bulk phase, were fitted
into equation 26 by choosing appropriate values of o™ and K. Values for
o” were estimated from Figures 21 and 22, and K values were selected by
minimizing the mean deviation of ™ in equation 23. Figure 22 is a
representation of the calculated ideal Stern curves and their comparison
with experimental data points.

Considerable deviation from the ideal curves can be seen in both Co
complexes. Poor fitting is clearly observed for the (NH3)5CO-4-(8"
nonenylpy3+ ion; the experimental values exhibit a smaller curvature than

the calculated curve predicts. Varying o changes the curvature, but it
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also causes a vertical shift of the curve, and changing K values only
shifts the curve horizontally. Therefore, bdetter fitcing cannot be
achieved by altering these parameters. Best-fit values for o™ of 1/285

3 M and 3.0 x 1073 M were

A and 1/167 A?, and K values of 1.2 x 10
estimated for the (NH3)5Co—4—(8'—nonenyl)py3+ and (NH3)5C0—4—(10'~
undecenyl)py3+ complexes, respectively.
3.3 Retention of entrapped transition metal complexes by PC vesicles
Retention of transition metal complexes of different charges within
their inner aqueous phase of PC vesicles was studied using a successive
vltrafiltration method. For each aliquot taken, the volume of PC vesicle
solutions formed in the presence of the complex was reduced to one-half
by filtration through a semipermeable membrane. Fresh solvent was then
added to return the filtered sclution to its original volume. This
method allows the gradual removal of metal complexes in the external
aqueous phase. Metal concentrations in the filtrates and in both initial
and final vesicle solutions were analvzed by atomic absorption
spectroscopy. Data obtained are presented in Table 4. The vatio of final
to initial metal concentration in the vesicle solution 1s represented as
a retention factor. It is a measure of the ability of vesicles to retaln
the complex after filtrations. Removal of the external metal complex

causes the distribution equilibrium between the internal and external

metal complex to shift to the right, i.e.,

K
Miin) T M(out)

1f transmembrane diffusion occurs on the timescale of the dilution

experiments, only a few of the internally trapped ions will remain;
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otherwise the system will not approach equilibrium and significant
retention will occur. Prior to filtration, the complex concentration
measured in the vesicle solution is assumed to be equal to the external
concentration, while the final complex concentration measured is the
amount of complex entrapped, assuming the concentration of external
complex at the final dilution is negligible. Thus, the retention factor
reflects the abhility of entrapped complex to diffuse across the vesicle
bilayer.

14

Phosphatidylcholine (PC) concentrations were determined by C

analysis. Only trace amounts of PC were detected in the filtrates,
whereas about 90% were recovered in the final filtered vesicle solutions.
From Table 4, the retention factor decreases as either positive or
negative charge on the complex decreases. The neutral complex
Co(NH3)3(NO)3 showed almost no retention after nine washes, inferring
that all occluded complex had diffused across the bilayer and had become
dialvzable. On the contrary, the tripositive ions, (NH3)5C00H2+,
Co(bpy)§+, ce3F, and trinegative ions, Fe(CN)]™ and Co(CN)]™, all showed
strong retention (~3% of the original metal concentration in vesicle

3)5C0N§+ and mononegative

soluticn), while the dipositive (NH
Co(NOz)z(glycinate); ions were moderately retained. The percentage of
total solution volume entrapped by the vesicles was calculated based on

an internal volume of 0.3 ul/umol PC.79

The entrapped complex
concentration levels were obtained by dividing the total complex
concentration (mg) by the internal volume. Under the present

experimental conditions, the internal aqueous phase comprises less than

1% of the total solution volume.
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3.4 Asymmetric HV2+—DHP—3ensitizer agsemblies
3.4.1 Preparation and properties

Similar to the preparation of DHP vesicles in watexr, basification
facilitates formation of stable vesicles in the presence of MV2+. The
amount of NaOH added approximates the concentration of the ionizable
hydrogen of the DHP head group (~2 mM). Slow addition of aqueous MV2+ to
preformed DHP vesicles causes immediate cloudiness, indicating
instability occurs when the anionic membrane surface is neutralized by
the positively charged viologen. Cosonication of DHP and MV2+ in watexr
with base at 80°C produces clarified vesicle solution containing MV
ions bound to both inner and outer vesicle surfaces.

External MV2+

lons are removed by strong-acid cation exchange
chromatography. A large pH drop is usually observed (8.4 to 2.8) in the
chromatographed solutiocn. Addition of electron donors (EDTA, tricine,

TEOA) and photosensitizers (Ru(bpy)2+, ZnTMPyP4+) to asymmetrically

3
labeled MV2+—DHP vesicles that are restored to basic pH (8.4) does not
cause any visual change in the solution turbidity.

Entrapped MV2+ determined by spectrophotometric measurement of MV2
agrees with the amount of Myt radicals formed by application of the
dithionite test. Internally bound MV2+ ions which cannot be reduced by
external dithionite are immediately reduced when methanol is added. DKP
vesicles are ruptured by the alcohol and internalized MV2+ ions become
accessible to dithionite reduction. Generally, about S0-807% of the
entrapped MV2+ ions are teduced instantly, approaching 100% upon standing
two hours.

2+

Formation of MV®™ -DHP vesicles in buffered solutions does not re-

quire addition of NaOH. Passage of sonicated solutions down amine buffer
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equilibrated Sephadex G-50 columns gave clear separation of vesicles and
external HV2+ ions when buffer concentration levels were greater than
0.02 M (Figure 23), At lower buffer concentratfon levels, a significant
amount of MV2+ ions comigrates with the vesicles (Figure 8). Of the
three amine buffers, Tris offers the most efficient separation, less than
S uM external MV2+ being detected by dithionite in the chromatographed
solutions. Addition of donors and sensitizers did not cause any
observable change in the solutlions. Hydrodynamic radii derived from
light scattering measurements (400-500 A) are slightly smaller than
reported values for DHP in water and in buffer (600 ).80,81
3.4.2 Transmembrane diffusfon of viologen

Passive diffusion of internally bound MVZ+ across DHP bilayers was

studied. Temperature dependent leakage of Internallzed MV2+ in the

2

+
presence of external dithfonite was monitored in MV® -DHP (0.05 M Tris,

pH 7.8) by measuring the optical change at 600 nm. The absorbance
changes vs. time plots are given Iin Figure 24, 1Initial rates obtained

from these curves are given in Tahle 5. An apparent activation energy

was calculated from the 1ln Ri vs. T_1 plot (Figure 25), 4H = 21.2

Kcal/mol. Similarly, leakage of viologens in the presence of external

hydroxylic amines in DHP solutions contalning Iinternally bound MV2+ and

externally bound Ru(bpy)33+ fons at 23°C was measured by dithionite

reduction. The viologen leakage data are summarized in Table 6.

3.5 Preparation and properties of Pe(CN)g_—Clsﬂv—DHP vegicle assemblies
Sonicatlon of DHP in buffered solutions In the presence cof the

alkylviologens C16HV2+ and C]AHV2+ at a ratlio of 1:8 viologen:DHP led to

formation of symmetrically bound viologen-DHP vesicles (see Section

2.2.2). Addition of CIG,MV?+ solution to preformed DHP vesicles, however,
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caused an immediate increase in turbidity. Asymmetrical binding of
CI6MV2+ ions to the outer vesicle surface was accomplished by either slow
addition or short bursts of sonication, followed by Sephadex G-50
chromatography. Cosonication of DHP with 0.02 M Fe(CN)g- gave clear
vellow soluctions. Gel chromatography of the sonicated solution removed
Fe(CN)g_ ions from external medium as indicated by the retardation of an
intense yellow band. The slightly tinted vesicle fraction obtained
contained Fe(CN)g_. Optical difference spectral curves of these vesicles
against similar vesicles prepared in the absence of Fe(CN)z_ gave a broad
absorption band at 390-420 nm ascribable to the ion (Figure 26). Using a
molar absorptivity of 1040 M_l cm_l at 420 nm, the apparent Fe(CN)z_
concentration was calculated to be 3.8 pM; this value agreed with
Fe(CN)g— concentration determined by atomic absorption spectroscopy

(3.5 pM). The absence of Fe(CN)g_ ions in the external solution was
confirmed by analyzing eluate fractions from membrane ultrafiltration by
atomic absorption spectroscopy. Whether analysis was made immediately or
hours after separation, the iron content measured In the external solu-
tion was below the limit of detection (0.3 uM). In contrast, vesicle
solutions retained by impermeable membrane gave apparent Fe(CN)6_
solution concentration levels of 4-40 (M, depending upon the vesicle
concentrations. Vesicles that contained Fe(CN)Z_ showed instability over
extended periods, as evidenced by increasing turbidity after 24 hours at
room temperature.

In addition to possible passive diffusion of occluded Fe(CN)gh
across DHP bilayers, possible leakage due to photostimulation was also

examined. 1llumination of DHP vesicle solutions (60 minutes, 1O = 6.4 X

10_8 einstein/sec) which contained ZnTPPSq_, an unbound sensitizer in
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3~
external medium, symmetrically bound C16MV2+, and Iinternalized Fe(CN)6

[Fe(CN)Z_, CIBMV2+IDHPICI6MV2+, ZnTPPSA-],69 did not give detectable iron
in vesicle-free eluate fractions by membrane ultrafiltratfon as measured
by atomic absorption spectroscopy, and the {ron concentration level
determined in the vesicle-contalning solution was unchanged from the
value measured before illumination (34 pM).
3.6 Photochemical kinetic studlies
3.6.1 Photoinduced MV2' diffusion across DHP bilayers

Steady~state illumination of aqueous DHP vesicle suspensions
containing internally bound MV2+, externally bound sensitizer, ZnTMPyP4+,
and external sacrificial donor, EDTA, or TEOA, below 5°C led to formation
of trace quantities of viologen radicals after 120 minutes (Figure 27).
When Ru(bpy)§+ was substituted for ZnTNPyP4+ ion, a slightly greater
accumulation of reduced viologen was observed (Figure 28)., TIllumination
of similar vesicle assembllies prepared in buffered solutions (0.05 M
Tris, pH 7.5) gave higher yields for both sensitizers (Figures 29, 30).
After 11lumination, a significant fraction of the originally entrapped
viologen had become accessible to dithfonite reduction. Typlcally about
25% of the viologen was reductble after 40 minutes of illumination. Data
are summarized in Table 7. Viologen leakage was found to be both wave-
length and temperature dependent. Figure 31 shows {llumination of both
Soret and visible metalloporphyrin bands gave more extensive diffusion
than 1llumination of only visible bands over an equivalent time period.
Initial rates of absorbance changes In temperature-controlled {llumina-

tion are given In Table 8. Figure 32 represents the Eyring plot for

10-40°C; an apparent activation energy of 19.5 Kcal/mole was calculated.
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Possible damage to bilayers Induced by photoexcitation of bound
sensitizer which might lead to viologen diffusion was also examined. A
buffered solution of DHP vesicles containing external Ru(bpy)§+ and
internal MV2+ was {lluminated for 30 minutes at 15°C, followed by a 30
minute dark period. External dithionite tests given both immediately
after 11luminaticn and dark periods gave identical reduced viologen
concentrations (6.5 uM), which were about two-fold greater than the
residual external viologen concentration (3.4 LM) in the vesicle
preparation after gel chromatography.

3.6.2 Fe(CN)2_—016HV2+—DHP—ZnTPPSA_ vesicle assemblies

Continuous 1llumination of DHP vesicles containing Cl6MV2+ ious
bound to both inner and outer surfaces in the presence of externally
added photosensitizer ZnTPPSA_ and the sacrificial donor, tricine,
resulted In prompt formation of monomeric viclogen radical cations, as
detected by the appearance of bands at 396 and 600 nm Iin the visible

spectrum (Figure 33). Accumulation of C1 Mv* radicals usually ceased

6
after 60-80 minutes of 1llumination, by which time extensive bleaching of
sensitizer had occurred. The rate of reduced viologen formation of
C16HV2+—DHP vesicles was not appreciably altered by prior passage down
G~50 gel columns. However, when 0.1 M tricine was replaced by 1 mM EDTA
as donor, no spectral change was observed after 45 minutes of
1{1lumination. In solutions of DHP vesicles containing externally bound
C16MV2+ formed by slow mixing of C16.‘1\72+ with preformed vesicles,
followed by gel chromatography, inttial rates of radical formation were
simi{lar to viologen bound to both surfaces with a slight decrease in the
net formation of reduced product. However, when C16MV2+ was added by the

method of short bursts of sonication, the Initial rates were reduced
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2- to 3-fold under the same conditions. 1In vesicles centaining occluded
Fe(CN)Z_ within their internal aqueous phase, a slower rate of radical
formation preceded by a pronounced induction period was observed (Figure
34). The lack of CIGMV+ accumulation during the induction period can be
attributed to {ts rapid reoxidation by internalized Fe(CN)z_. The amount
of viologen radical reoxidized can be approximated using initial rates
obtained in other systems where Fe(CN)g_ was absent. A comparison of
these values with the amount of internalized Fe(CN)z_ is gtven In Table
9. 1In solutions containing 5-50 uM Fe(CN)g_ ion in the external medium,
no radical formed within 60 minutes of {llumination. Asymmetrically
organized vesicles with C]6MV2+ bound only to their outer surfaces and
carryving internallzed Fe(CN)g_ showed immediate formation of viclogen
radical with a 5-fold enhancement of the initial rate. Rate data
obtalned for reduction of C16MV2+ in various vesicle configurations are
summarized in Table 10. Eyring plots are given in Figure 35. Evaluated
activation parameters are given in Table 10.
3.6.3 016HV2+—PC—ZnTHPyP4+ vesicle assemblies

Continuous 1l1lumination of deoxygenated PC vesicle solutions
containing either C16MV2+ bound to the outer surface or both surfaces in
the presence of externally added unbound ZnTMPyP4+ and donor EDTA
resulted in prompt development of reduced viologen. Figure 36 shows
typical absorbance changes during a 20 minute period of fllumination.
Loss of absorption at 468 nm indicated significant porphyrin bleaching:
about 80% of original 2nTMPyPA+ {ions were bleached. The {nitfal rate of
radical formation was also dependent on the adscrbed viologen concen-

trat{fon. Initial rates obtained from viologen buildup are given in Table

11. Increase in C16MV2+/PC from 1:10 to 1:3 gave a proportionate
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increase in the initial rate. In the absence of PC, the rate of C16MV+
formation was about 10 times greater than that In vesicle solutions.
3.6.4 Flash photolysis

The triplet photoexclted ZnTMPyP4+ ion underwent exponential decay
following laser flash exclitation in buffer solutions containing PC
vesicles; the reaction was monitored at 600 and 890 nm.82 Observed first
order relaxation curves are reproduced in Figure 37, with a rate constant
of 3.9 x 103 s_l obtained by averaging the values at both detecticn
wavelengths. Deactivation of the porphyrin triplet ion in the presence
of donor EDTA in PC vesicles also yielded well-resolved first order decay
curves with 4-feld Increase in rate constant (1.9 x 10“ s_l) (Figure 38).
This is attributable to reductive quenching by EDTA.83 In contrast, the
quenching behavior of excited Zn(II) porphyrin appeared more complex in
the presence of PC vesicles containing C16MV2+ ions bound to both inner
and outer vesicle surfaces. Rapid buildup of viologen radical formation
was observed at 600 nm., followed by a slow decavy (k = 2-7 x 102 s—l) in
the absence of donor. Figures 39 and 40 represent typical kinetic curves
obtalned. Overall, oxidative quenching of porphyrin triplet state by
PC-bound CléMV2+ did not follow strictly first order decay,; considerable
curvature is seen in the first order curves. Rate constants derived from
best-fit plots of the {ntegrated rate laws also varied randomly from
preparation to preparation. The rate data are summarized in Table 12.
The Stern-Volmer plot of the first order deactivation rates measured at
B840 nm versus viclogen concentration gave a bimolecular constant, kQ =
1.2 X 106 ML s_] in 0.05 M phosphate, pH 6.5, 23°C, with correlation

coefficient obtained from linear regression analysis, r = 0.96 (Figure

41). We ascribe the slow decay observed at 600 nm (Figure 40) to the
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+
back electron transfer between the reduced viologen and ZnTMPyP5

ﬂ—cation.82 Using a molar extinction coefficient of 1.24 x 104 M-l cm_1

for viologen radica1,68 the second order rate constant for the
recombination of the redox pair 1s calculated to be within the range

1.5-15 x 108 »71

s! (Table 13).

3.7. Thermal redox reactions

3.7.1 Reduction of (NH3)5Ru—4—(11'—dodecenyl)py3+ ion bound to
phosphatidylcholine vesicles

+
Anaerobic additfon of 3- to 7-fold excess of reducing agents (Cr2 s

+
v2 s cu” and ascorbate) to acetate buffer solutions (0.01-0.1 M), pH 4.0,

+
containing (NH Ru—l;—(ll‘-dodecenyl)py3 ions bound to both inner and

3)s
outer surfaces of PC vesicles caused {immediate formation of the reduced
ruthenium complex as indicated by the appearance of an intense absorption
band at 415 nm. This fast reaction was generally over within time of
mixing, as measured by the stopped flow method. Figure 42 shows the
kinetic trace obtained upon mixing of sample solution with V2+ as the
reductant., As can be seen, the lack of measurable decay indicates the
reaction was faster than the detection limit. Therefore a lower limit of
10_3 second {s estimated for the fast reduction. Slow continuous
reduction was observed when reductant concentration levels were kept
above 1:}! stolichiometric equivalence of reductant to (NHB)SRu—A—(ll‘—
dodecenyl)py3+ fon. When the reductant concentration was below this
level, the rapid appearance of the 415 nm band was followed by slow
bleaching. The reduced ruthenium complex generated in the slow step was

also vesicle-bound, as was apparent In the bathochromic shift from 396 to

418 nm {n the absorbance of the Ru(d) -+ py(n*) charge transfer band
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maximum relative to homogeneous solution. Optical changes due to the

slow reduction by V2+, Cr2+, ascorbate, and Cu+ ions are reproduced in
Figures 43, 44, 45 and 46, respectively. Inclusions of valinemycin
(7 uM) or carbonyl cyanide m-chlorophenylhydrazone (CCCP) (5 uM) in

(NH Ru—ﬁ—(ll'-dodecenyl)Py3+ PC vesicles prepared in 0.1 M potassium

35
acetate buffer solutions did not alter the kinetic features of reduction
by Cr2+. Complex behavior was observed in cu” reduction in which the
slow increase was followed by bleaching of the (NH3)5RU-4-(11'—
dodecenyl)py2+ ion (Figure 46).

The amount of (NH3)5Ru-4—(ll'—dodecenyl)py2+ formed in the slow
reaction, represented as per cent of the total optical change, was
calculated by dividing the optical change due to the slow phase by the
total optical change. In kinetic plots which showed curvature, the
initial optical changes were obtained by extrapolation of the best
straight line drawn. Apparent first order rate constants determined for
different reductant concentrations and at different temperatures are
listed in Tables 14-19. Since considerable scatter was observed from
preparation to preparation for each reductant, the derived rate constants
are likely to contain large uncertainty; no systematic dependence of rate
constants upon reductant concentrations or identities was evident in the
studies. Activation parameters evaluated from the 1n(k/T) vs. 7! plots
(Figures 47-51) are summarized in Table 20. Except for Cu+, for which
only 12-20% of the total reduction is attributahle to the slow phase,
slow reduction by other reductants generally comprised 30-40% of the

total reaction.
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3.7.2 Reduction of (NH Ru—h—(6'—hepteny1)py3+ ion bound to

3)5
phosphatidylcholine vesicles

3

Addition of excess Cr2+ to (NH RuNCSHS(CHz)SCH=CH2 +-PC vesicles

35
prepared by cosonication also resulted in biphasic formation of the
ruthenium(I1l) complex. Data obtained for the slow reaction at 10°C are
presented in Figure 52. The apparent first order rate constant (5.8 x
1074 s-l) is similar to the rate of the Clz-ruthenium complex, but 4its
relative amplitude is less (15% total change).

3.7.3 Reduction of Externally Bound (NH3)5Ru—4—(11'—dodecenyl)PY3+ Ton
in pbosphatidylcholine Vesicles

One possible interpretation of the slow reaction observed in PC-

bound (NH Ru—é—(ll'—dodecenyl)py3+ reduction 1s transmembrane exchange

Vs
of ruthenium complexes that are localized on opposite vesicle surfaces,
i.e., diffusion of the Ru(II) complexes from the external surface to the
internal surface and Ru(IIl) complexes from the opposite surface. Fur-
thermore, the bleaching reaction observed when external reductant becomes
limiting indicates degradatfon of the Ru(lI) ions formed. For these
reasons, ruthenium diffusion and (NHB)SRu—A—(U'--dodecenyl)py2+ bleaching
were examined. The method involves addition of (NH3)5Ru-4-(ll'—
dodecenyl)py3+ ions to preformed PC vesicles, followed by external
reduction. The amount of rutheﬁium(II) formed was monitored spectro-
photometrically.

Externally bound (NH3)5R0—4—(1]'—dodecenyl)py3+ ions ([Ru] =
0.1 mM) in PC vesicle solutions ([PC] = 7 mM) were reduced by excess Cr2+
([Cr2+} = 0.6 mM) at 5°C and 25°C. Immediate formation of bound Ru(II)

complexes was detected at 415 nm. No slow reduction was observed; the

absorbance remained constant for at least 30 minutes. Similar results
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were obtained by reduction of externally bound (NH3)5Ru-4‘(11'—
dodecenyl)py3+ complex with excess ascorbate at 5°C. In this experiment,
the Ru(III) complex was added to preformed PC vesicles and allowed to
fncubate. At various incubation times, aliquots of the solution were
reduced by ascorbate and the absorbance changes were recorded. Again, no
slow absorbance change was observed up to several hours of incubation.
This result indicates the lack of appreciable diffusion of externally
bound (NH3)5Ru—4-(11'-dodecenyl)py3+ ions to the internal surface after
mixing with vesicles.

In order to {nvestigate the possibility of transmembrane diffusion
of (NH3)5Ru—4-(11'-dodecenyl)py2+ ion after 1t is formed, reversible
reduction-oxidation of the Ru(III) fon by Cr2+ and Fe(CN)g_ was studied
in PC vesicle solutions at ambient temperature. The redox sequence is
1llustrated by Scheme III. Inttially the Ru2+ complex was generated by

Cr2+ ([Cr2+] = 0.3 mM) reduction. After an Incubation period of

C£+(0.3|nM) 48 min, then
) )»Aﬂua-'- > RU2+ —
Fe(CN)Z (0.2 mM)

(2.3 ml)

e —— )

Scheme I
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48 minutes, the Ru2+ complex fon was reoxidized by Fe(CN)g_ ([Fe(CN)2—] =
0.2 mM), then {mmediately reduced again by Cr2+ ion. The amount of Ru2+
complex that formed immediately ([Ru2+] = 0.2 mM) was 90% of the initial
concentration (2.2 mM) corrected by a dilution factor of 2.5/2.7. No
slow—-phase reduction was detected. This result Indicates that diffusion
of Ru(II) complex across vesicle bilayers is negligible in 48 minutes.
In conjunction with the previous external Ru(III) reduction study, this
cyclie oxidaticon-reduction of the externally bound Ru(IIL) complex
demonstrated that the diffusion of both Ru(II) and Ru(III) complex ions
across the bllayer appears to be negligible on the timescale of the
slow-phase reduction step under our experimental conditions.

Slow reduction was also not observed when reductant concentrations
(v2+, Cr2+ ascorbate, 2~4 x 10_5 M) were less than the total concentra-
tion of the Ru(III) used. Instead a reversible slow bleaching was
observed after the prompt formation of the Ru(II) ions. Following
bleaching, the ruthenium(II) complex could be regenerated by addition of
nmore reductant. The Ru(II) complex reformed in this manner was also
detected as the bound form from its spectral properties. This bleaching
process was further investigated in a set of kinetic runs where
(NH3)5Ru—4-(11‘—dodecenyl)py3+ ions were reduced in the absence of PC
vesicles. Complex bleaching was observed: rates and reaction order
varied from the {dentity of reductant and to a lesser extent, from run to
run. Data obtained are given in Table 21. Representative kinetic curves
are shown In Figure 53. From crude estimation, bleaching rates ranging

4 1

from 1074 to 107> s7! were obtatned in the following order of reductant,

+ +
vZ > Cr2 > ascorbate. Since (NH3)SRu—4-(11‘—dodecenyl)py3+ ion was

I1solated as its perchlorate salt, and pentaamminepyri{dineruthenium(IT)



60

ions are known to undergo complex catalytic oxidation by perchlorate

ion,84 the potential role of perchlorate counterions was examined. Use

of V2+ reagent prepared from stock solutions containing 0.1 M ClO4

resulted in a 100-fold increase in the bleaching rate of (NH.)_ Ru-4-

)
3’5
+
(11'—dodecenyl)py2+ in homogeneous solution. Similarly, Cr2 prepared 1in

CIOA--containing solutions also enhanced bleaching; however, the increase
was only 2-fold. Perchlorate catalyzed bleaching was also evident from
the reduction behavior of the Ru3+ ion by amalgamated zinc. Only minute
amounts of the reduced lon were generated by Zn(Hg) in deoxygenated

solutlons containing 0.1 M CIOA , as evident from the yellow color
developed in the vicinity surrounding the zinc surface after 30 minutes.
Once the solution was removed from the zinc particles, the color
dlsappeared quickly. In contrast, in 0.1 M sodium tri{fluoroacetate,
reduction was efficient and the ruthenium(1I) complex formed was more
stable. Since the ruthenium(1I) complexes contalned perchlorate
counterions, the 6104_ concentration was three-fold greater than the
metal concentration in the reaction solutions. For the kinetic runs in
which perchlorate was not added to the medium, the perchlorate counterion
concentration was about 1 mM. The bleaching of Ru(II) complex observed
in the presence of limiting concentrations of reducing agents 1s
therefore probably due to oxidation by perchlorate although catalysis by

+
the reductant, e.g., V2 , may be involved.

The bleaching rate was greatly reduced when PC vesicles ([PC) = 7
24+

as reductant ([V2+] =17 yM) in 0.1 M ClOA Y,

a bleaching rate of 1.6 x 10_4 s_l was obtained, which {s an order of

3

mM) were present. With V

magnitude smaller than the rate (1.3 x 10 s_l) in the absence of

+
vesicles with the same V2 {on concentration. Based on this experiment,
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bleaching rates for other reductants in the presence of PC vesicles were
also assumed to be retarded from values in homogeneous solution. Under
conditions where reductants were i{n excess (3-7-fold), no net bleaching

occurred over an extended period of time (7.3 hours). The (NH Ru-4-

3)5
2+ 2+

(11'-dodecenyl)py” {ons formed by reduction in excess Cr  in both

homogeneous solution and externally bound to PC vesicles remained stable

over the observed time span. Hydrolytic processesgé’85

and displacement
of the chromophore from the vesicle surface were also undetectahle In
this time frame as confirmed by 1ts unchanged spectral properties. A
lower 1limit of the rate of hydrolysls i{s estimated to be 10_7 sﬂl, which
1s much smaller than the reported valuesB4 for hydrolysis of the
4-pyridinepentaamineruvthenium(Il) ions {n homogeneous solution
(k = 3 x 10_5 sﬁl, ¥ = 2.0 M, 25°C, extrapolated to pH 4.0). The
conclusion drawn from these observations i{s that vesicle-bound ruthenium
complex Is less susceptible to oxidative bleaching and aquation than in
homogeneous solution, and remains in the reduced form in the presence of
excess reductant.
3.8 Mechanism for Reduction of Vesicle—Bound 4-(11'-
dodecenyl) pyridinepentaamminervthen{im(III) Ions

The overall resuvlts can be fitted to Scheme IV. Step 1 depicts the
fast reduction of externally bound (NH3)SRu—lx—(ll'-dodecenyl)py3+ by
added reductant. Step 2 depicts the transmembrane redox process
involving net reduction of internal Ru(III) by external Ru(II), which is
immediately reduced again by the external reductant as shown in Step 3.
Step 4 represents a pseudo-first order oxidation reaction of internal

2+ 3+

Ru to Ru” . This process 1s Iinducible by exogenous agents such as

perchlorate. Combination of Steps 1, 2, and 3 results Iin the net
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oxidation of the externsl reductant. Under conditions where kl >> k2,
k2 > k3, and reductant Is in excess, the overall reaction results in the

+
steady accumulation of internal Ru2 fons. A quasi-equilibrium can be

+
approached where there 1s no net change in Rui: and Ruzn concentrations,
2+ 3+, _ T, _
i.e., [Ruin] + [Ruin] = [Ruin] = constant, before depletion of the

external reductant, Three assumptions have to be made to achieve this
state:
(1) There is no transmembrane diffusion of ruthenium species.
(2) [Ruizt] remains unchanged relative to concentrations of
internal ruthenium specles.
(3) Rui: is inaccessible to exterral reductant.
Assumption (2) {s established by the observation of biphasic kinetics,
i.e., k1 >> kz; the other assumptions, (1) and (3), are established by

experiments described in Section 3.7.3 and 3.3, respectively. Under

these conditions, a rate expression for Ru2+

{n analogous to a reversible

first order reaction can be written (Appendix I):

d{Ru 2+]
in 2+ 3+ 2+
D +
dt kZ[Ruout ][Ruin ] k3[Ruin )
+
This is a pseudo-first order rate expression in [Ru2 ], 1.e., plot of

in

2+
ln[Ruin] vs. time ylelds a straight line with negative slope equal to

2+
' S
(k2 + k3), where k k2[RUout] 1s a constant under assumption (2).

2
The apparent first-order rate constant determined In the slow reduction,
therefore, 1s the sum of the transmembrane electron transfer rate and the
bleaching rate. Based on the 10-fold decrease in the bleaching rate of

PC-bound (NH3)5Ru—4—(11'—dodecenyl)py2+ for vanadous reduction in

perchlorate media relative to homogeneous solutions, k3 values are
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-5 - -4 - +
estimated to be 10 > s ! for Cr2+, and 10 4 s ! for V2 and ascorbate.

These bleaching rates are about an order of magnitude smaller than the

experimentally obtained apparent first-order rates for the slow

reduction, k. = 5-9 x 107% s7L, hence, the contribution of k

0 to the

3

overall transmembrane transfer rate 1s small.



CHAPTER 4

DISCUSSION

4.1 TFormation Characterigtics of Vesicles

Phospholipids are amphiphilic molecules consisting of well
differentiated head groups and hydrophobic¢ tails. The approximately
cvlindrical shape of the molecules favors aggregation in the form of

stacked bilayers.86 The molecular structures of phosphatidylcholine

(PC) and dihexadecvlphosphate (DHP) are presented below.

Phosphatidylcholine

0
1
Hac—(CH2)7—CH=CH-(CH2)7-ﬁ—O—CH o} CH,4
: [l +/
o CH,=0-P-0-CH;~CH,=N-CH,

Dihexadecyl Phosphate

H;C-(CH,),5-0O O
\ 7

P

\

/
Hsc—(CH2)15—O O

Natural egg PC contains various degrees of unsaturation in the diacyl

ester,55 and a cis- double bond in one of the acyl chains. Under
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appropriate conditions, PC and DHP molecules can be induced to form
metastable unilamellar vesicles. In the present study, the physical
dimensions of vesicles formed by sonication are generally consistent

with 1literature values‘76’80’81

However, unilamellar PC vesicle radii
determined by electron microscopy (130 A) are smaller than those
measured by dynamic 11{ght scattering spectroscopy (230 A). This
discrepancy can be resolved by recognition of the inherent error
contained in the photocorrelation data analysis in the light scattering
technique. It has been shown87 that in solutions of polydispersed
particles, a small fraction of strong scatters can weight the average
radil much greater than their actual population distribution, resulting
in larger apparent hydrodynamic radii for the major fraction of the
smaller particles. For example, in a study of unilamellar dipalmitoyl-
phosphatidylcholine (DPPC) vesicle stability, Chang and coworkers have
found that addition of less than one percent of larger fused vesicles
(384 8) to small unilamellar vesicles (104 A) produced an apparent
measured radius of 250 A.88 This result Is very similar to the data
obtained from electron microscopy and light scattering spectroscopy in
the present system, thus providing a self-consistent rationalization of
the data. The small number of larger PC vesicles observed in electron
micrographs also suggests that a few percent of unilamellar vesicles may
have undergone aggregation or fusion after their formatifon,

The {nability of DHP to form vesicles in a number of different
media indicates that the vesicles are stable only over a relatively
narrow range of medium condition. In general, high salt concentrations,

presence of oxyanions or polyanions, and high concentrations of adsorbed

cations lead to destabilization. Since the behavior of amphiphtilic
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molecules in water Iis determined by the balance of energfes of three
types of interaction (water with head groups, water with hydrophobic
groups, and hydrophobic groups with each other), It could be argued that
in DHP, Coulombic forces between the head groups and lonic specles can
become significantly large such that formation of the bilayer is dis-
rupted. In the presence of high concentrations of anions, charge-charge
repulsive forces between the monomers and ions tend to disperse the
monomers, thus preventing proper aggregation, while cations tend to
adhere to the negatively charged membrane surface during bilayer forma-
tion, promoting fusion by aggregation of the vesicles. The intricate
Interplay between head groups and the bulk medium is further demonstra-
ted by the use of hydroxylic amine buffers. Tris, tricine, and
triethanclamine (TEOQA) at neutral pH not only facilitate DHP vesicle
formation, but also improve their longevity. Polyalcohols are known to
act as stabilizing co-surfactants in micelles.gg Similar effects can be
inferred here, 1.e., adsorption of hydroxylic amines at the DHP vesicle
interface enhances thelr stability.

Although DHP vesicles are easier to form and more stable than PC
vesicles, as Iindicated by the shorter sonication time required to
achieve clarification of solutions and the greater homogeneity obtained
in light scattering measurements, they are highly sensitive to medium
conditions and are only formed at elevated temperatures. This is
attribvtahle to the differences {n their head groups and acyl ester
chains. The phase transition temperature (TC) of phospholipids, which

1s defined as the melting point of the acyl chains in H, O, {s charac-

2
terized primarily by the configuration and length of the chain and the

degree of hydration of the head group. Although PC contains slightly
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longer chains <C18) than DHP (Cl6)’ the presence of double bonds and
zwitterionic head groups as opposed to the saturated chains and anionic
head groups in DHP, gives rise to greater disorder in the lattice, thus
resulting in a much lower TC9O (-4°C) than that of DHP76 (60°C). The
larger diameter (~500 A) of the DHP vesicle is also attributable to the
anionic head group. Since vesicle size is probably limited by the
constraint of the radius of curvature on the packing of monomers,
greater electrostatic repulsion between DHP head groups would dictate a
looser packing than the neutral head groups of PC in their bilayer
configuration. The negative charges on the DHP bilayer surface also
allow greater dispersion of the vesicles in H20, i.e., less fusion or
aggregation, thus increasing their stability.
4.2 Binding Properties of Vesicles

Binding of water-soluble cationic photosensitizers (ZnTMPyP4+,
Ru(bpy)§+) to anionic vesicle surfaces, demonstrable by their spectral
shifts in the visible spectrum, is predominantly electrostatic in
nature. This is supported by the observations that ZnTPPSA_, a
metalloporphyrin similar to ZnTMPyP4+ except for its negative charges,

+ .
is excluded from DHP vesicle surfaces and that of ZnTMPyPA binding to

neutral PC vesicles is undetectable. Binding of ZnTMPyPA+ to DHP

9 They have shown

vesicles has been studied by Hurst and coworkers.
that Beer's law was oheyed over a metalloporphyrin concentration range

greater than 100-fold; difference spectra obtained by increasing ratios

of ZnTMPyPa+ to DHP showed isosbestic points at 433, 540, and 566 nm and
the bandshapes remained constant. This result suggests homogeneous

binding to the vesicle surface. Furthermore, they have also shown that

bathochromic shifts in ZNTMPyP4+ dissolved in organic solvents increasad
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+
with decreasing solvent polarity. The spectrum of DHP-bound znTMPyPA

is very similar to that obtained in isopropanol. This is consistent
with binding of the chromophore in the region of the charged head groups
on the vesicle surface. This claim {s further supported by the dis-
placement of bound ZnTMPyPl‘+ in media containing high TEOA concentra-
tions where the number of available binding sites is diminished by the

competitive binding of TEOA. This suggests that labile equilibria exist

between bound and free chromophores, e.g., ZnTMPyP4+ + DHP™ é
4+ 4-n
ZnTMPyP  :DHP , which are media sensitive. The inhibftory effect on

external binding caused by hydroxylic amine adsorption 1s also observed
in the removal of MV2+ ions from outer vesicle surfaces in a high con-
centration of Tris buffer (0.05 M) by gel columns, although in this
case, the Influence of nonspecific salt effects has not been evaluated.
Similarly, other researchers have found that Ru(bpy)§+ ions adsorb only
weakly to DHP vesicles in 0.05 M Tris.75 Thus, it can be concluded that
binding of hydrophilic adsorptive cations to external DHP bilayer sur-
faces is attained by strong electrostatic attraction to the head groups.

Binding of methyl viologen and {its alkyl derivatives to vesicles
was demonstrated by gel chromatography. Dihexadecylphosphate-bound HV2+
fons were detected In the vesicle fraction by dithionite at lower buffer
concentratfon (0.02 M Tris). Clean separation from the vesicles was
achieved in higher buffer concentration (0.05 M Tris); presumably,
externally bound viologen was removed by continuous shifting of the
binding equilibrium to the left as the sample passed down the column.
This binding equilibrium {s greatly affected by Increasing the

hydrophebicity of the vioclogen. WUWith C MV2+

16 , for which the methyl

group at the 4 pos{tlon of one of the pyridinium groups 1Is replaced by a
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saturated l6-carbon chain, nearly complete binding to DHP vesicles was
observed. Presence of the long alkyl tail increases the affinity
between the viologen and the vesicle to the extent that they are no
longer separable on the dextran gel. Hydrophobic binding is clearly
evident in alkylviologen binding to PC vesicles where C MV2+ exhibits

16

stronger binding than C V2+. The degree of binding is not only

14
dependent on the chain length of the violegen, but also dependent on the
method of incorporation. Cosonicated viologen-PC solutions showed
stronger binding than that obtained from mixing with preformed vesicles.
These observations suggest that interaction between alkyl tails of the
jons and the hydrophobic bilayer is important. Presumably,
incorporation of viologen during bilayer format{on produces a more
ordered binding configurati{on than the one obtained by external
addition. Since C16MV2+ has the same number of carbon atoms in the
alkyl chain as in DHP, one could speculate that the viologen has become
an Integral part of the bilayer. Tt is also interesting to note that
reduced viologens bound to vesicles are monomeric, in contrast to the
aggregated form in solution. Apparently, the greater affinf{ty between
viologens and vesicles precludes self-association of the viologens.

Similar conclusions can be drawn from the binding studles of
(NH3)5Ru—A—a1kenylpyridine3+ complexes to PC vesicles. The results
obtained from difference spectroscopy and gel chromatography support the
noticn that binding of amphiphilic ruthenium complexes is also predomi-
nantly hydrophobic In nature, which {s determi{ned primarily by the chain
length of the alkyl tail. A recent study92 on binding of alkylviologens
24

+
of varving chain length (CIZMV —C18MV2 ) to cationic micelles has shown

that the free energy change associated with displacement of the
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alkylviologen from the aqueous phase to the micellar phase (AG¢) is 0.43
kcal/mol per methylene group of the viologen.

Hydrophobic adsorption of amphiphilic cobalt(III) complexes to PC
vesicles was studied using membrane ultrafiltration techniques and
atomic absorption spectroscopy. Due to the inherent adsorptive nature
of the semipermeable filter membrane used, accurate measurement of
vesicle-bound Co(1II) complex concentrations was not possible. Correc-
tion factors obtained from vesicle-free solutions were required to
calculate the true vesicle-bound Co concentration, assuming adsorption
to the filter membrane is independent of binding to vesicles. Hence,
substantial scattering is seen in the experimentally determined o
values (Figures 19, 20). Nonetheless, a quantitative treatment of the
data was attempted by fitting to a simplified Stern model.

The derivation of the Stern equation is based on the recognition

that adsorption of charged molecules to initially nevtral membrane

surfaces produces an electrostatic potential at the interface. Two
simple theoretical apprcaches are possible to describe this adsorption
process. The Langmuir model principally describes the hydrophobic
binding of molecules to spatially fixed sites as a function of the
adsorbing molecule concentration at the interface. Electrical effects
produced are completely ignored, and the adsorbing ion concentration at
the Inrerface is set equivalent ro the molecule concentration in the
bulk phase. The other simple, more appropriate approach is to consider
that the charges on the membrane are smeared uniformly over the surface

giving rise to an average surface potential. The behavior of monovalent

ions near the electrical Interface is adequately described by the

Gouy=Chapman theory of diffuse double layer, which states there is a



region near the interface where distribuction of ions is determined by
the balance between electrical and thermal forces. Oppositely charged
ions tend to adhere to the interface, while ions of same charge are
repelled. The surface potential therefore tends to lower the
concentration of the adsorbing ions in the aqueous phase immediately
adjacent to the surface according to the Boltzmann relation. If the
adsorbing ion and the electrolyties in the solution are monovalent, the
Gouy-Chapman model can be easily incorporated into the Langmuir
adsorption isotherm to give a modified Stern expression that embodies
the assumptions contained in the theories: (a) adsorbing ions are point
charges; (b) adsorption sites are spatially fixed; (c) charge density is
uniform over the surface; and (d) image effects which arise from
insertion of ions from high dielectric medium (water) to low dielectric
medium (membrane) are ignored. However, for adsorption of multivalent
ions, the incorporation of these charge effects into the Langmuir model
is not easily attainable. Binding of the multivalent ion to the surface
not only increases the surface density (OS) at a greater rate than the
surface ion concentration, the resulting surface potential (wo) also
increases faster, i.e., the adsorbing ion in the solution near the
itnerface would experience a greater electrostatic repulsion. Since the
Gouy-Chapman equation only describes the statistical distribution of the
monovalent electrolytes near the interface, the description of the
adsorbing ion near the interface requires a different Boltzmann relation
than the electrolytes. The Stern model for multivalent ion adsorption
to neutral membrane surfaces has not yet been developed.

Application of the Stern model has met with considerable success

78,93,94

for monovalent ion adscrption. In particular, binding of an
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anionic fluorescent molecule, 2,6-toluidinylnaphthalenesulfonate (TNS)

95 and was found to fit

to PC vesicles was studied by gel chromatography
the Stern equation.78 A dissociation constant of 2 x 107 % M and a
maximum number of binding sites of 1/70 A? were reported. Surface
potentials determined by two independent techniques were also found to
agree with the Stern prediction. In general, the theory describes
remarkably well the hydrophobic adsorption of monovalent ions to
uncharged bilayer membranes.

Qualitatively, the results obtained from binding studies of

tripositive amphiphilic cobalt complexes indicate hydrophobic binding

3+

(Figure 17) since (NH3)5COOH2

ions which lack the alkyl chain do not
bind to PC vesicles (Section 3.3). The binding parameters determined
from fitting to the Stern equation assuming monopositive ion, o™ =

1/285 42 for the shorter chain complex, (NH3)5C0—4—(8'—nonenyl)py3+, and
m _ AZ 3+ , .

g = 1/167 for (NH3)5C0—4—(IO’—undecenyl)py , are consistent with
the notion that binding is attained by insertion of the hydrophobic
alkyl chain into the bilayer. The dissociation constants obtained,

~1073

M, are one order of magnitude greater than TNS, which suggests
binding is relatively weaker. This is also consistent with the notion
that charge-charge repulsion between the tripositive cobalt ions on the
membrane surface is greater than for TNS.

The assumption of monopositive ion binding in the present study to
fit the Stern equation is incorrect since the adsorbing cobalt complexes
are formally tripositive lons. However, the overall surface charge
density might be lower than the valence of the ion indicates. The

headgroup of PC 1s a zwitterion; the choline group being a positive

quarternary ammonium ion and the phosphate group being a negative ion.
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Hence the vesicle membrane surface formed from PC contains strong
dipoles. Binding of charged molecules onto the surface would result in
alignment of these dipoles according to the magnitude and the sign of
the charged ions adsorbed. The oriented dipoles around the adsorbed ion
would lower the charge of the ion, thus decreasing the overall effective
surface charge density. Furthermore, the cobalt complexes are fairly
“soft" ions; the charge at the metal center is somewhat delocalized
around the ligands contributing to the diffusion of charges of the
adsorbed ion. The reasonable fits of the bhinding data to the Stern
equation assuming monopositive ion adsorption tend to support this
argument .
4.3 Permeabilities of Vesicle Bilayers

The general belief that phospholipid bilayer membranes have low
ionic permeability is supported by a large body of experimental evi-
dence. Numercus studies using vesicles and black lipid membranes have
shown that in the absence of lipophilic carriers or ionophores, the
transport of charged molecules across bilayers is slow.39>96’97 This
unfavorable process is mostly attributable to the high electrical
resistance of the hydrocarbon layer (108—1010 Q CmZ) stabilized by polar
headgroups. Activation energies reported for ion diffusion are in the
order of 15-30 kcal/mole.38 Permeabhilities of vesicles generally in-
crease with increasing unsaturation and decreasing chain length. The
presence of cis- double bonds and shorter acyl chains allows less or-
dered packing in the interior of the bilayer, thus increasing membrane
fluidity. Fixed charges and the dielectric constant also play an
important role in detetrmining bilayer permeability. A number of

97100

studie have shown that the presence of acidic groups on the



75

membrane surface increases cation diffusion and decreases anion diffu-
sion, while the presence of excess positive charges has the opposite
effect. It was also found that increasing the dielectric constant of an
artificial bilayer increases its permeability to perchlorate and

101 This enhancement of diffusion was

thiocvanate by a factor of 1000.
ascribed to a large decrease in the Born charging energy, the
electrostatic energy required to transfer ions from the aqueous phase
into the center of the bilayer, which is directly dependent on the
dielectric constants of the media and the width of the bilayer.

The results obtained from the entrapment experiments of various
metal complexes by PC vesicles are in accord with the general observa-
tion that bilayers are impermeable to small ions. The entrapped
molecules are trivalent transition metal ions coordinated in octahedral
environments provided by various charged ligands. The overall charge of
the complex can be regarded as fairly evenly distributed over the entire
molecule. This is in contrast to amphiphiles, where ifonicity is
concentrated in the vicinity of the headgroups. Transport of hydro-
philic complexes from one aqueous phase to the other aqueous phase,
therefore, requires movement of the entire charged species across the
water-lipid interface and the hydrocarbon interior.

In the entrapment studies, metal complexes in the external aqueous
bulk medium were removed stepwise by successive filtrations. Fach wash
constituted a two-fold dilution in the external metal concentration,
with the final di{lution factor equal to 2”, n being the number of
washes. It can be seen that under this experimental constraint, the
metal concenctration in the retained vesicle solution should be reduced

3

(10 —108—fold) to an undetectable level after extensive washing



76

(> 9 washes) if the metal complexes were freely permeable to the
vesicles. However, atomic absorption measurements of the final vesicle
solutions showed that the metal concentrations were reduced only
10-100-fold, which indicates retention by vesicles. Quantitatively, the
percentage of retention Increased as the charge of the complex
increased. Since the PC concentration used (1-2 mM) was relatively
constant for all the complexes except for Cr3+ jens ({Cr3+] = 7mM), the
retention percentages are reflective of the amount of complexes
entrapped relative to each other. The PC concentration dependence of
entrapment was not pursued in the present study.

The internal volume of a PC vesicle has been estimated to be 0.3
ul/yumole of phospholipid by electron microscopy.79 Using this value,
the apparent concentrations of entrapped metal complexes {n the aqueous
phase of the vesicle were calculated (Table 4, column 8), The values
obtained are 10-15-fold greater than the initf{al solution concentrations
of the complexes. The origin of this apparent concentration effect 1is
not known. Since the washing experiment with externally added Cr3+ to
preformed PC vesicles showed all the Cr3+ ions were removed by
filtration, binding of small ions to the vesicle surface was not
observed by this technique. However, interaction of multivalent ions
with vesicles {s detected hy more sensitfve physical methods. Using
deuvterium and phosphorus magnetic resonance,lo2 Akutsu and Seelig found
that C32+ and La3+ ions adsorb to synthetic dipalmitoylphosphatidyl-
choline (DPPC) vesicles, giving apparent binding constants of 19 M_l and
120 M_l, respectively. A similar type of moderate interaction between

the metal complexes and PC vesicles might exist here. It 1s conceivable

that metal complex adsorption at the inner ves{cle membrane surface is
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significant, thus giving rise to an apparent higher entrapped concentra-
tion. Using a modified form of the Adair equation103 by assuming the

ions, A, are bound to fndependent sites on the vesicle,

v =1 - v/KlA) (27)

where Vv 1s the binding fraction, v = [A]bound/[PC]total’ n {s the number
of binding sites per vesicle, [A} iIs the ion concentration in the
aqueous solution, and K 1{s the binding constant, the binding ion

concentration is calculated. Substftuting values of n = 103, [A] =

2 1

1072 M, K = 102 M , and [PC] =10 ° M, [A)

= 0.5 M, which is
total

bound
similar to the calculated internal metal concentrations in the entrap-
ment studies (Table 4).

Incorporation of Fe(CN)2— {ons within anionic DHP vesicles was con-
clusively demonstrated by a combination of chromatographic, spectral,
and filtra- tion techniques. Clean separation of external Fe(CN)z' ions
from DHP vesicles was achieved by gel chromatography. Both optical dif-
ference spectroscopy and atomic absorption spectroscopy showed the
vesicles contained Fe(CN)g_; ultrafiltration experiments demonstrated
that diffusion of occluded Fe(CN)63_ across the bflayer did not occur
over a period of hours. Assuming spherical symmetry, the internal vol-
ume of a DHP vesicle {is calculated to be 2.3 pl/pM of DHP using 250 A
as the internal radius. Under the present experimental condition, the
maximal ferricyanide incorporation should give an apparent solution con-
centration of 0.12-0.6 mM, which is an order of magnitude greater than

the experimentally determined value (4-40 wM). This discrepancy sug-

gests that vesicle size might be smaller than the measured hydrodynamic
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radi{ Indicate. A recent study of DHP vesicles by light scattering
spectroscopyloa strongly suggests that a small fraction (1-2%Z) of large
scatterers In the size distribution could give a ficti{itiously large
hydrodynamic radius for the major component. Alternatively, the low
apparent entrapped Fe(CN)63— concentrations could be due to its partial
exclusion from the vesicle interior during formation of the enclosed

bilayer arising from charge repulsion from the bilayer.

3-

6 MV2+ fons bound to inner DHP vesicle

In contrast to Fe(CN)
surfaces diffuse slowly across the bilayer, as can be detected by
external dithionite reduction. Methyl viclogen translocated to the
external surface {s also surface-bound as indlcated by 1ts spectral
properties, {.e., monomeric viclogen radical cation forms upon one-
electron reduction. The results obtained from the temperature-
dependent study of MV2+ reduction by dithionite show that passive
transmembrane diffusion does not occur at an appreciable rate below 25°C
(Figure 24), but becomes rapid at higher temperatures, suggesting that
movement of adsorbed HV2+ into the hydrocarbon phase has a high energy
barrier. The apparent activation energy from initial rate data cbtained
at 25°C and 35°C {s 30 kcal/mole. It has been proposed that Arrhenius
activation energies for transmembrane 1on diffusion are generaliyv high
because temperature-dependent changes in the membrane increase membrane

).38

fluidity in this temperature range (25-35°C Although the major

phase transition temperature for DHP has been estimated to be 60°C,76
localized changes {n the bilayer structure could occur at lower
temperatures which gfve rise to increased membrane fluidity., Further-~
more, external addition of hydroxylic amines to asymmetric MV2+—DHP

+
vesicle assemblies also increases internal MVZ diffusion. This implies
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that major changes at the interface due to the adsorption of amines,
probably in the headgroup orientation and the electrostatic potential,
can lower the energy barrier for viologen transport.

2+ 4iffusion which

These results, in addition to photostimulated MV
will be discussed in detall, suggest that enhancement of viologen
movement is probably due to increase in the bilayer fluidity. This
hypothesis can probably be tested by incorporating cholesterol in the
bilayer. Physical studies have shown that when cholesterol is present
in bilayer membranes, thermal molecular motion in the region of the
first 8-10 carbon atoms of the acyl chain from cthe lipid-water interface
is more restricted and the headgroups are more closely packed, producing

105

a more perpendicular orientation and a thicker membrane. This effect

tends to lower the membrane permeability. Moreover, activation energies

for MV2+

diffusion in membranes with varying composition should provide
insight into the diffusion mechanism. Comparative studies on diffusion
of electrolytes and nonelectrolytes gave evidence that ions diffuse via

38 incorporation of

a different pathway than that of nonelectrolytes;
cholesterol decreased the activation energies for ions drastically (from
30 to 15 kcal/mole), while it had only a small effect on nonelectrolyte
diffusion.
4.4 Photoinduced Diffusion of Methyl Vioclogen Across
DHP Vesicle Bilayers

Photostimulated diffusion of methyl viologen across membrane
bilayers in asymmetrically organized DHP vesicles is enhanced by binding
photosensitizer to the opposite vesicle surface. Continuous illumina-

4+

tion of either Ru(bpy)§+ or ZnTMPyP ions electrostatically bound to

. . 2+
the outer surface causes migration of internally bound MV™ ions to the
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outer surface as detected by external dithionite reduction. This
enhancement does not occur in the absence of light or in illuminated
vesicles that contain entrapped MV2+ but lack vesicle-bound photo-
sensitizer. Since the physical propertles of the asymmetrically
organized DHP vesicles appear to be unchanged by illumination, and
diffusion ceases when 1llumi{nated vesicles are removed from the light,
diffusion i{s not due to photodegradative damage of the vesicle membrane.
The requirement for vesicle-bound sensitizer is demonstrated by the
absence of detectable enhancement of viologen diffusion in illuminating
asymmetrically labeled vesicle solution containing ZnTPPSA-, an unbound
sensitizer. The wavelength dependence of diffuslon rates on the light
source suggests that the driving force is directly related to the
photoenergy captured by the bound sensitizer. The relatively large
apparent activation energy (19.5 kcal/mole) is also comparable to the
activation energy estimated for the passfve thermal diffusifon (21.2
kcal/mole). Hence, collectively, these results strongly suggest the
mechanism(s) of photoinduced viologen diffusion involves localized
beating arising from nonradiative deactivation of the photoexcited bound
sensitizer. Although the molecular detalils are not delineated, one
could speculate that the heat dissipation by the photcexcited sensitizer
to the microenvironment {n the bi{layer structure causes significant
increase in the membrane fluidity which leads to enhancement of viologen
movement. A recent study76 of phase trans{tion temperatures in DHP
vesicles has found that the quenching rates of vesicle-incorporated
fluorescence probes in the cooling cycle were different from that In the
inftial heating cycle. This hysteresis suggests that the bilayer

structure was signifi{cantly altered by heat which might account for its
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enhanced flufdity. The diffusion mechanism also appears to be sensitive

to the aqueous bulk medium. Vesicles prepared in hydroxylic amine buf-

fers exhibit slightly higher MV2+ diffusion rates than vesicles prepared

in water (Table 7). Light scattering spectroscopy81 has shown that DHP
vesicles formed {n water are slightly larger than those fermed in buf-
fers. Apparently, adsorption of cosurfactant amine molecules {n the
bilayer-water interface not only stabilizes the headgroups, but alsoc
alters the bilayer structure to the extent that its fluidity is
promoted.

Photoinduced electron transfer has been reported between donor and

22,68,106
Transmem-

2+/3+
3

acceptor molecules separated by bilayer membranes.
brane electron exchange between amphiphilic derivatives of Ru(bpy)
has been proposed to account for photosensitized reduction of externally
bound N-methyl-N'-heptylbipyridium ion (C7MV2+) by encapsulated EDTA iIn
PC vesicles.107 Similarly, photoreduction of internally bound HV2+ by
externally bound Ru(bpy)32+ in DHP vesicles was Interpreted as direct
transmembrane electron transfer from photoexcited ruthenium to
acceptor.68 These studies, however, did not demonstrate unambiguously
transmembrane electron transfer because the possibility of photostimu-
lated diffusion of the redox species across the bilaver was not
investigated. TFurthermore, to account for the measured overall redox
rates Iin these two systems, It is necessary that electron transfer occur
with apparent first-order rates Iin the order of 105 sﬁl. From studies
of electron transfer through fatty acid monolayers and multilayers, Kuhn
has developed a tunneling mcdel to describe the transfer mechanisms.108

The electron is allowed to hop to intermediate interlayer sites located

at the Interface between hydrocarbon chains. Here, the transfer rate
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2+
from photoexci ted Ru(bpy)§+ at the outer surface to MV" at the inner

surface of the DHP vesicle can be calculated using the following
equation: 1 = Ae2ad. The tunneling relaxation time, t, which Is the
inverse of the first-order transfer rate constant, k, 1s related by A, a
constant term that contains the encounter frequency, orientation factor,
and densities of states: 4, the transfer distance, and ¢, a barrier
height term that corresponds to the difference of energy between the

height of a square barrier and the linear momentum of the impinging

electron perpendicular to the barrier, 1.e.,

a = Y2m¥/ b (28)

where m 1s the mass of electron, h 1s the Planck's constant divided by
23, and ¢ {s the difference between the potential barrier helght and the
electron's kinetic energy, p2/2m in the direction perpendicular to the
barrier. Using experimentally determined barrier heights for photo-

109 which corresponds to a = 0.6‘&_1), a

excited Ru(bpy)%+ (1.6 eV,
transfer distance of 20 A (the distance from the vesicle surface to an
intermediate sites in the hydrocarbon interface), and a pre-exponential

factor of 10_13 s, the electron transfer rate constant calculated, k <

102 s_l, is several orders of magnitude smaller than the required rate.

Hence, earller observations that were taken as indicative of trans-

membrane electron transfer are inconsistent with theoretical expecta-

tions. Hurst and couorkers91 have studied the transient kinetics of

asymmetrically organized MV2+-DHP vesicles 1In buffer solutions using
2+ 4+

either Ru(bpy)3 or ZnTMPyP  as sensitizer. No evidence for photo~

induced transmembrane electron transfer was found; no detectable bufldup

+
of MV or quenching of ruthenium luminescence could be observed in the
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first several laser pulses in HV2+IDHP/Ru(bpy)§+ vesicle assemblies69
although repeated pulsing or aging of the samples resulted In measurable
electron transfer products.68 Likewise, the complex triplet state
deactivation of photoexcited vesicle-bound ZnTMPyPA+, which can be
resolved by three concurrent first-order processes, Iis unaffected by

incorporation of MV2+ bound to the opposite surface, although

photoexci ted ZnTMPyP4+ 1s quenched by viologens when bound to the same
surface.91 An alternative explanation to account for the photoreduction
of viologen in {llumination of vesicle-bound sensitizer, therefore, {s

2+, followed by oxidative quenching of

transmembrane diffusion of MV
photoexcited sensitizer bound to the same surface.

Photostimulated diffusional processes {n bilayer membranes can be
further studied by using membrane-bound sensitizers that are incapable
of redox quenching or energy transfer when photoexcited. This require-
ment should limit the deactivation of the photoexcited sensitizer to
pathways that are more likely to give rise to localized heating effects.
Binding of the chromophore to different regions in the membrane bilayer,
i.e., hydrophobic Interior or hydrophilic interface, should provide
insight into the nature of enhanced membrane fluidfity. Conversely,
restriction of molecular motion in the hydrocarbon chains can be
achleved by Incorporation of cholesterol, which should have a pronounced
effect on molecular diffusion. In addition, the photoenergy requirement
can be more accurately assessed by comparison of sensitizers that have
vastly different light-capturing capabilities, i1.e., that have different
optical absorption spectra. These proposed studies, therefore, should

be useful in understanding the mechanism(s) of photoinduced diffuvsion,

which has potentially {mportant implications in photobiological systems.
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4.5 Deactivation of Zn{II) Porphyrin Excited States

Photoexcli ted ZnTHPyP4+ {on undergoes exponential decay in PC
vesicle solvtions. The lifetime obtained (254 usec) is similar to
values reported for excited triplet deactivation in homogeneous buffer

solutionsgz’s3

(t = 100-222 usec). The lack of appreciable adsorption
of the highly charged porphyrin molecule to neutral PC vesicle surfaces
shown by various binding techniques indicates that deactivation of the
excited Zn(II) porphyrin {on in PC vesicle suspensions is very similar
to that in homogeneous solutions. Likewise, the non-binding Zn(II)
porphyrin, ZnTPPSA_, in anionic DHP vesicle solutions also exhibits
simple first-ovder relaxation when photoexcited (t = 71 usec).91 The
conclusion drawn from these results, then, is that in the absence of
redox quenchers, spontaneous decay, which 1s due mostly to impurity
quenching of the triplet state, i{s the predominant pathway for deactiva-
tion of photoexcited 2n(II) porphyrins in solutions where binding to
vesicles 1s negligible.

Complex deactivation has been shown to occur following photo-
excltation of DHP vesicle-bound ZnTMPyP4+ fon by laser flash
photolysis.91 There appear to be three distinct {ndependent relaxation
processes on timescales that are separable by about an order of magni-
tude (2 psec-200 psec). This claim Is supported by three pieces of
experimental evidence. First, the minimal kinetic scheme that can
account quantitatively for the decay curves requires use of three
concurrent first-order relaxation processes (Figure 54). The resolved
rate constants are reproduced in Table 22, Secondly, transient spectra

of photochemical intermediates formed at various times after laser pulse

show three absorbing specles (Figure 55): the rapidly (t = 2 psec) and
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slowly (t = 200 usec) decaying components have broad absorption in the

near-infraved region of the optical spectrum which is attributable to

10

porphyrin triplet ions,l whereas the intermediate component (t = 20

usec) which has an absorption maxima around 740 nm, is indicative of

111,112 The existence of three

porphvrin n-cation and n-anion formation.
decaying components is also confirmed from the different quenching

2+
behavior of the photoexcited intermediates by CIAMV bound to the same

vesicle surface. This aspect will be discussed later (Section 4.6.2).

We have proposed mechanisms for the three photoexcited Zn(II)

91

porphyrin deactivation pathwayvs. The rapidly decaying pathway of

vesicle-bound ZnTMPyP4+

triplet ion is attributed to concentration
quenching in which the photoexcited porphyrin is deactivated by reacting

with one of its neighboring ground state molecules, i.e.,

* .
ZnTMPYPYY + ZnTMPYP** &> 2 ZnTMPyP®™ (29)

The intermediate pathway is ascribable to ionogenesis in which charge

transfer between a photoexcited and a ground state porphyrin yields its
7 ion pair, i.e.,

*
ZnTMPyP*? + ZnTMPyP®t = znTMpyP ' + ZnThPyplt (30)

The slowly decaying component which has first-order deactivation rates

3

(1.9-5.6 x 10 s_l) similar to its decay in homogeneous solutions,

suggests it 1s spontaneous decay of the triplet state, i.e.,

*

ZnTHpy Pt > ZnTMpyp®Y (31)
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The multiplicity of deactivation mechanisms in DHP-bound Zn(I11)
porphyrin is atrributable to the immobilization of the sensitizer on the

vesicle surface. The mobilicy of the excited triplet ion on the vesicle

surface has been estimate based on its diffusion kinetics on micellar

113,114 113

surfaces. Assuming a surface viscosity, n = 15 ¢p, and

molecule radius, vy = lO,A, the diffusion coefficient, D, is calculated

to be 5 x 1077 em? sec” ) using the following equation:115

D = RT/2mnyN (32)

1 3

- - 2
where R = 8.3 x 107 erg-deg ! mole , T =293 K, and N = 6 x 10
mole_l. Based on 3its normal triplet lifetime, t = 2 x 10_4, a mean
square displacement for Zn(II) porphvrin during its triplet lifetime,

2)1/2

(aX = 1.1 x 107 A, is calculated using

—_ 2

(5x2)12 = (2pey!/? (33)
This displacement is far greater than the average separation of Zn(II)
porphyrin under the reported experimental conditions (Table 22). TIf the
porphyrin molecules are randomly distributed on the vesicle surface, and
their surface diffusion rates are normal, multiple collisions should

occur within icts triplet lifetime, yet a substantial fraction of the

triplet ion is observed to decay by simple first-order kinetics and the

measured rate constant (k3) jg nearly independent of the surface

concentration of Zn(I1) porphyrin, indicating that collisional quenching

cannot be encounter-controlled. This suggests either surface diffusion
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of the ZnTMPyP4+ is anomalously slow or the metalloporphyrin forms

aggregates on the vesicle surface., The existence of optically
undetectable aggregates has been proposed by Cellarius and Mauzerall to
explain fluorescence quenching in pheophytin bound to polystyrene
particles.116 The presence of similar types of aggregates that have an
identical absorption spectrum to the monomer could account for the rapid
deactivation pathway (kl) observed in vesicle-bound porphyrin ions.
Photoionization of Zn(Il) porphyrins in homogeneous solution has
been studied.117 Employing transient conductimetry, Ballard and
Mauzerall have observed m-ion palr formation from photoexcited
Zn(IT)oc taethylporphyrin (ZnOEP) (Eq. 30). Based on the electrochemical
potentials of ZnOEP and its photoexcitation energies obtained from
emission spectra, they estimated the ZnOEP triplet state as 460 mv below
the ion pair, while the singlet state is almost isoenergetic (90 mv).
These values suggest the singlet state is more likely to produce the ion
pair. However, the authors argued that correlation of electrochemical
redox potentials to spectroscopic energies is poor because entropy
effects are ignored, and furthermore, general application of pseudo-
thermodynamic treatments to irreversible processes such as tunneling,
relaxation, and multistep encouvnter-controlled reactions is inappropri-
ate. Therefore, porphyrin excited state reactivities cannot be properly
assessed using redox potentials. A similar situvation exists in the
{onogenesis pathway of DHP-bound photoexcited Zt'.'l"I‘iPyPll+ deactivation,
The formation of the ion pair from two ZnTMPyP4+ ground state molecules

requires 2.03 evllo while the excited singlet and triplet states lie 2.0

83,110

and 1.6 eV above the ground state, respectively. Again, these

values seem to favor electron transfer from the singlet state, but as



88

discussed above, conclusions drawn from energetic considerations could
be incorrect. This problem can only be resolved by direct examination
of the porphyrin singlet state lifetimes and kinetic behavior.
4.6 Photoreduction of Viologen Dicatfons in Vesicle Assemblies
4,6.1. General Observations

One of the key elements of light-driven charge separation in
organized media is the production of relatively long-lived high energy
intermediates capable of useful chemical work. Viologens In the reduced
free radical form have suftable reduction potentials (MV2+/MV+ = -0.46
v, pH 7.4) to meet the thermodynamic requirement for reduction of water

+ p—
to molecular hydrogen in neutral or acidic media, i.e., H + e > 1/2

Hz, £® = -0.41 v, pH 7. For this reason, methyl viologen and {:s

amphiphilic derivatives have been employed extensively as charge relays
in photolytic redox processes.
Oxidative guenching of photoexcited sensitizers by viologens in

homogeneous solutions and microphase systems has been Investiga-

22,82,83,91,106,118,119

ted In particular, triplet-excited ZnTHPyPA+

+
ion has been shown to undergo one-electron cxidation by HV2 , with k., =

Q
1.8 x 10’ M1 71 at 23°C in phthalate buffer, pH 5.0, W = 0.05 M
83 7 -1 -1
(NaCl). A similar quenching rate was obtalped (k. = 5.3 x 10 M s

Q
by Clan2+ in 0.05 M TEOA, pH 7.8 at 23°C.91 In homogeneous solutions,
photoreduced viologen formation 1s generally detectable by the appear-
ance of an absorbing specles below 700 nm in the optical spectrum which
forms at a rate identical to the deactivation of the excited sensitizer.
4.6.2 Quenching of photoexcited ZnTHPyP4+ ions {in DHP vesicles
The redox quenching behavior of photoexcited 2n(II) porphyrins is

drastically altered in the presence of anionic DHP vesicles.91 The
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various photochemical intermediates formed by photoexcitation of
DHP-bound 2nTMPyP4+ (Section 4.5) exhibit vastly different quenching
behavior by bound viologen. Deactivation rates corresponding to the
intermediate and slow pathways were found to increase upon addition of

2+

MV to DHP vesicle solutions, while the rate of the fast decaying

C1a
component was unaffected. Bimolecular quenching was observed for the
intermediate component, with kQ = 1.7 x 109 M_I s_l, obtained from che
Stern-Volmer plot (Figure 56a). Reaction of the slowly-decaying
component, however, appears to be more complex. Saturation was observed
in the Stern-Volmer plot (Figure 56b) which has a limiting first order
rate constant of about 103 s_l, suggesting that the gquenching might be
controlled by diffusional processes on the vesicle surface. This is
consistent with the notion that reactions in micelles and vesicles are
often limited by the free diffusion of the reacting species along the
surface.

The intermediate pathway in DHP-bound ZnTMPyP4+ deactivation has

been ascribed to ionogenesis (Section 4.5). The quenchiung reaction can

therefore be described as donation of an electron from the ZnTMPyP3+
, 2+
T-anion to the acceptor molecule, CIAMV y l.ee,
+
ZnTMpyp T + CIAMV2+ > ZnTMPyP T 4 c M (34)
The rate constant measured (k, = 1.7 x lO9 M_l s_l) is several orders of

1

magnitude larger than the estimated upper limit (l()6

1

M- s_l) for

diffusive reaction rates on vesicle surfaces91 suggesting that the
quenching reaction is not surface-encountet controlled. This Implies

that at least one of the reactants is no longer vesicle bound. Since
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the alkylviologen {s strongly bound by all cri{teria, formation of the
n-anion must be followed by i{ts release from the vesicle surface. This
claim is supported by the similar fast quenching rates observed in other
vesicle systems where the sensitizer does not adhere to the vesicle
surface. Oxldative quenching data of umbound ZnTPPSA_ excited triplet

tfons by DHP-bound viologens are given in Table 23. Both quenching

9 1 -1 1 -1
s

constants, 2.5 x 10° M = s for HV2+, and 2.4 x 108 M for

+
CzAMVZ+’ are comparable to the m—anion quenching by CMMV2 , but are in

+
direct contrast with the slow quenching of the bound ZnTMPyPA triplet

+
ion by bound CMMV2 . These results strongly suggest that formation of

charge-separated species will be effective only if one member of the
redox pair is excluded from the surface.

Reduced viologen radical cation 1s not detected In the transient
spectra of the oxidatively guenched Zn(I1) porphyrin (Figure 57) as
indicated by the absence of appreciable growth at 610 nm, suggesting
that it 1s rapidly consumed. One plausible explanation s its
reoxidization by the m-cation, 1.e.,

5+ 4+ 2+

20TMPyR” " + CMMV+ ~ ZnTHRyP™ T 4 C My (35)

Since both reactants are probably vesicle-bound, their recombination is

also expected to be surface-encounter controlled, k < 100 w1 7L

+
However, the lack of detectable ClAMV formation following laser pulse

suggests 1t 1s a very efficlent reaction. Tt has been suggested that

9
the apparent unusuval fast reaction is due to fts high exothermicity'l;

AE® for Eq. 35 1s estimated to be 1.64 eV.110 More detailed information

on the effective charges and dielectric strength of the vesicle
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interface is required to understand the kinetic nature of this
recombination reaction.

Mobilities of the ionogenic¢c and redox products along the vesicle
surface must be important in determining their fate. The porphyrin n-
anion, with its added electron residing primarily on the porphyrin
periphery, should increase the negative character of the ring where it
will encounter charge tepulsion by the anionic vesicle head groups, thus
promoting its expulsion from the surface. Similarly, the reduced
viologen should also have a greater surface diffusion rate than its
oxidized form. Presumably, electrostatic forces are considerably less,
although the hydrophobic character of amphiphilic viologen binding
should not be affected. On the contrary, the porphyrin m-cation should
exhibit stronger binding since porphyrin binding is primarily
electrostatic in nature.

It can be seen that combining reactions (34) and (35) results in
very effective charge recombination of the porphyrin w-ion pair using
viologen as the relay. Thus the only viable pathway to photogenerate
net viologen free radical in vesicles containing both bound sensitizer
and acceptor is by slow quenching of the bound porphyrin triplet ion,
i.e.,

*ZnTMPyPYt 4 C14MV2+ + ZnTMPyP Y + c M’ (36)
This reaction, however, is relatively slow compared to the rapid cyclic
back reactions (34 and 35); therefore the net yield of reduced viologen
should be low. Consistent with this expectation, inefficient formation

of redox products by oxidative quenching was observed in steady-state
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photolysis experiments when both sensitizer and acceptor molecules were

g1

adsorbed to the vesgicle. In homogeneous buffer solutions, production

of radical was fast and efficient for ZnTMPyP4+ photosensitized reduc-

. 2+ 2+ . .
tion of both MV and CIAMV , but in the presence of DHP vesicles, both
the rate and extent of radical production were reduced (Figure 58). Net
photoproduction of viologen radical was possible in these experiments
because a sacrificial donor was included to cycle the sensitizer.
4.6.3 Quenching of photoexcited ZnTHTyP4+ ions in PC vesicles

2+

Oxidative quenching of photoexcited ZnTMPyP*¥ ians by ¢, Mvi* tons

adsorbed onto PC vesicles has been investigated by laser flash photoly~

sis. Viologen radical formation was shown to occur concomitantly with

Zn(11) porphyrin triplet deactivation, followed by slow recombination
with ZnT.‘{PyPS+ m-cation in the absence of donor (Figure 40). Xinetic
complexity was indicated from the rate data; tripler decay caused by
viologen quenching did not follow strictly firsc-order kineties, and
deviation from strictly second-order kinetics was observed in the back

electron reaction. Furthermore, triplet deactivation also increased
with surface concencration of viologen. The origin of this rate

behavior is not known. Non-linear behavior in oxidative quenching of

+ L3 P ’
ZnTMPyP4 in homogeneous solutions has previously been observed and was

attributed to instability of the Zn'I'MPyP5+ ion.lzo

Non-exponential
decay in oxidative quenching of PC vesicle-bound chlorophyll was also

observed and has been suggested to be caused by diffusive effects

21

arising from the high apparent viscosity of the vesicle.l These

rationalizations, however, do not appear to be pertinent to the present
. 4+ .
study since deactivation of the ZnTMPyP triplet state in PC vesicle

suspensions and oxidative guenching of ZnTPPSA_ triplet ions by
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DHP-bound CMMV2+ (discussed later) appear well behaved, and the Zn(II)
porphyrins are not vesicle-bound. Alrternatively, the kinetic anomalies
observed in this 2Zn(IIl) porphyrin-viologen—-PC vesicle system could be
due to heterogeneous binding of viologen. Light scattering measurements
reveal that PC vesicles are less homogeneous than DHP vesicles (Figure
3), suggesting that the curvature might be a consequence of different

reactivities of viologens located in different microenvironments.

The experimentally obtained bimolecular quenching constant for

6 I -1

ZnTMPyP4+ by PC-bound C16MV2+’ kQ = 1.2 x 10°M ' s , is similar to
that reported for MV2+ (2 x 106 M_l 5_1),83 and about ten-fold smaller
than cMMV2+ (1.8 x 107 M ! s71)35 in vuffer solutions. This result is

consistent with the notion that quenching of an unbound photoexcited
sensitizer in vesicle systems is similar to that in homogeneous
solution. The slightly smaller observed quenching rate might be due to
slower diffusion of PC vesicles in solution because of their larger
size, which would give rise tc a lower encounter-controlled frequency.
Calculactions of the encounter-controlled rate constant based on the

Debye equation,122

5 4ﬂN°a(DA + DB)
3 (37)
10

however, indicate that the gquenching reaction is probably not
encounter—-controlled.

In the above equation, DA and Dp are diffusion coefficients of the

reactant ions, a is the internuclear distance, N° is the Avogadro number



%4

and 6/(e(S - 1) 1s an interionic factor; 6 is obtained based on the

charges ZA and Z, of the ilons,

B

2
Z. Z.e
A™R

where € is the medium dielectric constant (78 for water), e is the unit

-10 16

charge (4.8 x 10 esu), k is the Boltzmann constant (1.38 x 10

erg® K_I), and T is the Kelvin temperature.

- - 4L+
Using a diffusion coefficient, D = 2 x 10 6 cm2 s l, for ZnTMPyP

)
and CléMV"+, an interionic factor of 0.085 based on the positive charges

of the ions, an internuclear distance of 15 A, and at 298 K, the

, 8 -1 -1
encounter-controlled rate constant calculated is 3.8 x 10" M s .

Similarly, assuming the same Iinternuclear distance between ZnTMPyP4+ and

2+ 7 I -1

vesicle-bound Cl6MV k = 2.8 x%x 10" M " s ', is calculated for PC-bound

viologen using the same parameters except that the diffusion coefficient

for C MV2+ is replaced by D, = 1.87 x lO_7 cm2 5_1-33

16 PC These rate

constants are about an order of magnitude greater than the experimental
values which suggest that orientation effects might exist. This is also
consistent with the observation that the quenching rate constant
increases with surface viologen concentration (Table 12). Although this
is a small dependence, nonetheless it suggests that quenching not only
depends on the favorable collision between excited porphyrin and
vesicle, but also the localized concentration of MV2+ bound to the outer
vesicle surface. The rate constant for back electron transfer between

the PC-bound viologen radical angd ZnTMPyPS+ n-cation (1.5 x 108 - 1.5 x

9 1 s_l) is only slightly slower than that observed in homogeneous

solurion (109-1011 M_l s-l). Since the viologen radical cation is

107 M
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bound, this suggests that the PC-vesicle surface does not appreciably
inhibit approach of the ZnTMPyP5+ n—cations. Lifetime enhancements of
charge-separated ions have been observed in ionic micelles in which the

reduced violgen 1s rapidly solubilized in the surfactant assembly while

20,35

the sensitizer cation is expelled from the charged interface. The

recombination rates are retarded by several orders of magnitude (k < JO7

M1 571y, In the present vesicle system, however, repulsion of the

porphyrin T-cation from the vesicle surface should be small because the

vesicle surface 1s onlv slightly positively charged due to the

2+

adsorption of C, MV ions, and less cationic when the viologen is

16
reduced. Recombination of the geminate redox pair, C16MV+ and
ZnTMPyP5+, therefore, should be relatively rapid.

Qualitatively, results from continuous illumination studies of
vt

C, M

16 substantiate the claim that photoreduction of viologen will be

less efficient in the presence of PC vesicles. 1Initial rates of net

viologen radical formation obtained in the presence of externally added

6 M 5_1) are about an

donor EDTA in PC vesicles (Ri = 0.29-0.90 x 10
order of magnirude slower than that obtained in buffer sclutions only
under otherwise identical conditions (R, = 8 x 1076 ¥ S_l)- Although
the physical parameters were not completely assessed in these
experiments, i.e., there were no systematic studies of the viologen
concentration and viologen/PC dependence on the rate of net viologen
radical formation, the apparent scatter seen In the rate data in
different preparations (Table 11) suggests substantial heterogeneity in
the system. Furthermore, the oxidative quenching and back electron

transfer constants obtained are very similar to those in homogeneous

solution, suggesting that the primary cause of lower net yield of
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viologen radical in PC vesicles is proably due to the relatively
inefficient reduction of ZnTMPyPS+ by the sacrificial donor (Section
4.7, eq. 43). This implies that EDTA is excluded from the vesicle
surface where back reaction competes with net reduction of the viologen.
4.6.4 Quenching of photoexcited ZnTPPSd_ iong {in DHP vesicles

Oxidative quenching of the tetraanfonic Zn(II) porpbyrin triplet
ions, 3ZnTPPSé_, by DHP vesicle-bound viologens is kinetically
well-behaved. Transitory viologen radical cation formation 1s clearly
visible at 600 nm concurrent with triplet decay at 890 nm (Figure 59) in
the absence of electron donors. Stern-Volmer rate laws are observed for

both HV2+ and C HV2+ (Table 23). The back electron transfer reaction

14
also appears to proceed by a second-order pathuay.91 These reactions
are remarkable because photoinitiated electron transfer products for
82,11¢%
this reaction are not generally observed in homogeneous solution
where 1fon association between porphyrin and viologen glives rise to
static quenching of the photoexcited porphyrin. At sufficiently high
concentration levels (1 mM), methyl viologen dications have been shown
to form fon pairs with znTPPS"™ and PaTPPS®™ porphyrin fon in sodium
chloride solution, as detected by bathochromic shifts In the optical

119 Photoexcitation of the

absorptfon spectra of the chromophores.
sensitizer leads to efficient electron displacement from the porphyrin
periphery to the viclogen. However, the inabllity of the redox pair to
separate during their lifetimes results in rapid recombination of the
transfer products. Also, in very dilute viologen solutions in which
association with ground state porphyrin is negligible (< 7%), transient
species are not detectable by flash photolysis following oxidative

119

quenching. This observation is attributed to the formation of an
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encounter complex during the gquenching process. Thus, regardless of the
origin of complexation, very rapid back transfer competes with
separation of the iocns, preventing escape of photoreduced vioclogen into
the bulk solution.

In contrast, the DHP vesicle, by preferentially binding the
viologen while excluding the ZnTPPSa_ ion from icts anionic surface,
prevents ion complexation and thereby enables the separation of the

.
electron transfer products. The measured quenching rates of ZaTPPS”

triplet by MV2+ and C 4MV2+ (Table 23) indicate that the quenching

i
process is retarded by increasing the hydrophobicity of the quencher.

2+

This suggests that Cy MV binds to & reglon on the vesicle surface that

is less accessible to the sensitizer. Presumably, insertion of the
alkyl chain into the bilayer could orient the viologen head group more
deeply within the interfacial layer; as a result, close approach by the
porphyrin is hindered. Examination of the inttial porphyrin triplet
formation in the presence of quenchers also revealed that degree of
binding to the vesicle and the sensititizer is different for MV2+.91
The amplitudinal decrease in initially formed triplet 1on upon addition
of viologen is a measure of the amount of triplet that is statically
quenched by complexation. It was found that complexation with MV2+ was

2+

only 10% at the highest concentration studied (0.2 mM), whereas C ZiM\’

|

gave 507 at the same concentration, and reached 75% up to 0.6 mM

viclogen. This result is somewhat intriguing since alkyl substituents

35

were found to strengthen association with micelles. In this case,

increasing the hydrophobicity of the viologen not ounly enhances vesicle
4 -

binding, but also appears to promote the complexation with ZnTPPS to a

greater extent. This observation suggests that ion association berween
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viologen and ZnTPPSAQ involves hydrophobic forces in addition to
electrostatic attraction.

Facile photoproduction of viologen radical sensitized by ZnTPPSA_
in DHP vesicles 1Is also confirmed by steady-state photolysis. Under
continuous illumination in the presence of sacrificial donors, prompt
formation of viologen radical is detected spectrophotometrically. As
discussed above, the lifetimes of charge-separated ions are enhanced by
the negatively charged interfaclal boundary provided by the vesicle.
This molecular crganization, hence, offers a tractable system to study
photecinitiated transmembrane redox processes. By utilizing viologens
that are bound to both inner and outer vesicle surfaces as charge
relays, oxidative and reductive reactions can be selectively carried out
in different vesicle microphase regions and evidence of electron
transport across the bilayer can be sought. A system using Fe(CN)Z_
occluded within the internal agqueous compartment of the vesicle as an
electron scavenger was investigated and will be discussed later (Section
4.8).

4.7 Photochemical Side Reactions

The principal deactivation pathway of unbound photoexcited Zn(II)
porphyrins (ZnP) in vesicle systems containing viologens and electron
donors is oxidative quenching, as shown by the formation of net viologen
radical under continuous illumination. However significant irreversible

bleaching of the sensitizer was also observed, specifically with

2-

R pH 6.5) containing bound

4+
ZnTMPyP in PC vesicle solutions (6.05 M PO

2+

H=
CIAMV and EDTA, and ZnTPPS' in DHP vesicle solutions (0.02 M Tris, pH

7.8) containing C16MV2+ and tricine. The substantial loss of Soret band

intensities indicates that the 7n-conjugated electron system of the
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porphyrin is no longer intact. Photobleaching of Zn(Il) porphyrins has

83,91 The

been reported in both homogeneous and vesicle solutions.
destruction of the chromophore during illumination in the absence of
oxidative quencher but in the presence of electron donor has been
attributed to extensive reduction of the porphyrin giving rise to
dihydro- and tetrahydroporphyrin derivatives.83 The photochemical
pathwavs to form these reduction products have been ascribed to the

disproportionation of the reduced porphyrin n-anion in the presence of

hydrogen ions, i.e.,

2H" + ZnP” + ZnP” 5 HyZnP + ZnbP (39)
and further reduction by the donor, D,

20" + ZnPT 4 D > HozaP + D (40)

following reductive quenching of the photoexcited porphyrin triplet by

the donor, i.e.,

X —_
ZnP + D = Z2nP” + DT (41)

Bimolecular reductive guenching of ZnTMPyPl'+ triplet ion in solution by

TEOA and EDTA has been observed, with kQ = 4 x 103 Mhl s_l (TEOA =
0.05-1.0 M, pH 7.8, u = 0.5((CHy),NC1), 23°C) for TE0A, B3 and kg = 17 %
105 M“l s_l at 23°C, uw = 0.05M for EDTA.83 These rates are several

orders of magnitude slower than the oxidative quenching by viologens,

suggesting that in the presence of both viclogen and donor the oxidative
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process should be more favorable. This is confirmed by retardation of

bleaching in solutions containing MV2+, EDTA and ZnTMPyP4+.82’83 Hence,
*
in a three-component system that contains excited sensitizer S ,
acceptor A, and donor D, the major reaction sequence is
* -
ST+ a5+ (42)
st +p-s5+0pt (43)

As can be seen, the role of the donor in systems in which oxidative
quenching is efficient is to regenerate the ground state sensitizer.

4= in vesicle

The observed bleaching of ZnTMPyPA+ and ZnTPPS
solutions containing viologens and donors suggest that the protective
action of viologen must be less than that in homogeneous solution.
Reductive quenching of the ZnTMPyP4+ triplet in PC vesicles is confirmed
by the four-fold increase in the decay rate in the presence of 1 mM EDTA
(Figure 39). This rate increase is higher than previously reported
values under other conditions, and can account for the enhanced
bleaching of Zn’FMPyPZ'+ in the illumination experiments. Presumably this
enhancement of bleaching is due to the higher rate of porphyrin z—-anion
production in the presence of EDTA.

4.8 Photoinitiated Transmembrane Electron Transfer
A common feature found in several reports of photoinduced

oxidation-reduction across vesicle bilayers is that the photosensitizer

is vesicle—bound.zz’ég’lo6

Net redox between donor and acceptor
molecules that are adsorbed onto opposite vesicle surfaces that follows

photoexcitation in systems lacking lipid-soluble mobile redox carriers

has been interpreted as the consequence of electron tunneling across the
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hydrocarbon barrier. However, since photostimulated diffusion of
viologen dications across the bilayer 1s shown to be caused by the
presence of bound zinc porphyrin (Section 4.4), similar photophysical
processes leading to mixing of initially compartmentalized reactants
could not be excluded in these studies. Hence, by using the nondbinding
Zn{I1) porphyrin, ZnTPPSA- in the sensitized reduction of DHP-bound
viologen, this ambiguity 1is removed.

Initial rates of 016MV+ radical formation in DHP vesicle suspen-
sions containing internalized Fe(CN)g_, unbound ZnTPPSa_, and the
electron donor tricine 1n the external medfum show substantlal decrease
compared to systems containing no Fe(CN)g- (Table 10), and the viologen
radical appearance was also preceded by a pronounced induction period
(10~20 minutes). Ferricyanide oxi{dation of reduced methyl viologen in
homogeneous solution has been observed to be encounter-controlled (k =
1 5_1)123'

0 -
7.6 x 107 M ; therefore the rate decrease may be attributable

to Fe(CN)g_ reoxidation of ClBMV+ initially formed by oxidative
quenching of photoexc{ted ZnTPPSA_. Since transmembrane diffusion of
Fe(CN)g_ has been demonstrated to be absent over the time course of
{llumination by the membrane uvltrafiltration method, i.e., iron was not
detected in the external solution medium, the reaction between Fe(CN)g—
and reduced viologen must have occurred on the inner vesicle surface.
This claim gains support from the magnitude of observed Iinduction
preceding net violgen radical formation.

Assuming that the absence of detectable violgen radical in this
time span is due to the rapid scavenging actlion of Fe(CN)g_, the amount

of Fe(CN)g_ incorporated should correspond to the total reduced violgen

concentration formed on the lnner surface that is not optically
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detected. Estimates of violgen radical that would be formed if Fe(CN)6
were absent can be made from the maximal rate measured immediately
following the induction period or from initial rates for vesicle systems
lacking internal Fe(CN)g_. Since the latter rate is greater than the
former, calculations based upon the two measurements approximate the
upper and lower limits for viologen radical cation formation during the
induccion period. Calculated scavenged C]éHV+ concentration levels and
their corresponding Fe(CN)g_ concentration levels measured either
spectrophotometrically or by atomic absorption spectroscopy are given in
Table 9. The values are in good agreement. Since viologen radical does
not accumulate during the induction period, Pe(CN)g_ reduction is not
rate-limiting. When solutions contained comparable concentration levels
of Fe(CN)z~ in the external bulk solutien, radical formation was greatly
suppressed and followed an extensive induction period (~60 min). This
observation is consistent with Fe(CN)g— oxidation of reduced viologen
and/or direct competitive quenching of the ZnTPPSA_ triplet ion. The
quenching pathways of photoexcited ZnTPPSé_ ions of both viologen and
Fe(CN)g* in homogeneous solution were not examined in the present study.
The above rate behavior suggests net transmembrane redox involving
the bound viologens. The overall photoredox process and the spatial
organization of various reactants are illustrated in Scheme V. Photo-

. . L= , .
excitacion of the unbound ZnTPPS in the external solution medium

24
generates the porphyrin triplet ion which is rapidly quenched by C16HV

bound to the outer surface (k. = 108—109

Q

diffusion of C]6MV+ from the outer to inner surface or transmembrane

M7t sTh. Subsequent slow

electron exchange between external cléMV+ and internal C16MV2+ occurs,

followed by rapid reoxidation hy Fe(CN)g_ entrapped within the internal
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aqueous phase. The addition of tricine in the external medium replen-
ishes the electron to the porphyrin m-cation, completing the redox
cyele.

The requirement of symmetrically bound viologens as charge relays
to reduce internal Fe(CN)g_ is demonstrated by carrying out the photo-
reaction in asymmetrically organized vesicles. Illumination of
Fe(CN)g_-incorporated DHP vesicles with CIGMV2+ bound only to the
external surface gave immediate formation of viologen radical, i.e., no
induction, with a 5-fold rate enhancement over the photosensitized
reaction in absence of Fe(CN)gq (Table 10). If ctransmembrane diffusion
of the viologen species occurred, the rate of net radical formation
would have been retarded due to internal ferricyanide reduction.
However, the contrary was observed. Although the origin of the rate
enhancement iIs uncertain, it is c¢lear that illumination does not cause
transmembrane viologen radical diffusion that would lead to reaction
with Fe(CN)g_ on the inner surface. Therefore, transmembrane redox
occurs only when viologens are bound to both surfaces.

The rate parameters determined from temperature-dependent illumi-
nation studies of C16MV2+ reduction in various vesicle configurations
(Table 10) also lend support to the claim that the photoinitiated redox
process is not diffusional in nature. Based on diffusion studies of
ions in bilayer membrane537_39 and photoinduced viologen diffusion in
DHP vesicles {(Section 4.4), transmembrane diffusion enthalpies are
expected to be high (15-30 kcal/mole). However, the relatively small
activation enthalpy values obtained and their insensitivity to the
molecular structure of the reactants indicate that transmembrane

diffusion 1is probably insignificant.
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4.9 Reduction of (NH Ru—A—(ll'-dodecenyl)py3+ ion in

3)5
phosphatidylcholine vesicle solution

Biphasic kinetics are observed when reductants are added to PC
vesicles contalining (NH3)SRu—4—(11'—dodecenyl)py3+ ions bound to both
surfaces (Figures 44-47). Rapid bimolecular reaction of the shorter
Ru—&—alkenylpy3+ analogs by cuprous lon has been observed in

homogeneous solution with reported rate constants, 3-9 x lO3 5_1.63 The

(NH) o
fast component of the reduction step thus can be ascribed to the reduc-
tion of the Ru3+ complex bound to the outer vesicle surface. Reduction

potentials for (NH Ru—h—(ll'-dodecenyl)py3+ and various reducing

3)5
reagents are listed {n Table 24. As can be seen, the net driving force
for Ru(III) reduction {s sufficlently large to ensure complete Ru(Il)
formation In homogeneous solution for all the reductants used. The slow
continued amplitudinal rise in the presence of excess external reductant
comprises about 25-40% of the total optical change and is indicative of
the net reduction of the ruthenium complexes bound to the inner vesicle
surface. This claim is supported by a comparison of the inner surface
area to the total surface area of the vesicle. Assuming the vesicle is
spherical, the fraction of the inner surface area to the total surface
area can be calculated with known radius and bilayer width. The surface
area of a sphere 1s given by S = 4r2, where r Is the radius. The

fraction of inner surface area to the total surface area of a spherical

vesicle bhence 1is:

2

2 2
si/s1 +S, =1, /(ri + T, ) (44)

where r, and r are the inner and outer radius, respectively. The inner
surface area of a vesicle having an outer radius of 145 A and bilayer

width of 45 A comprises about 32% of the total area. Thus vesicle radif
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of 135-150 A and bilayer widths of 40-50 A give the best agreement with
the kinetics data. These values are also consistent with the results
obtained from electron microscopy.

Kinetic analysis shows that, within a2 relatively large experimental
error, the slow component of the biphasic kinetics is a first-order
process and, except for cu* ion, appears to be independent of both the
concentration and identity of reductants used. This irdicates that
involvement of the external reductant Iin the slow-phase kinetics must be
inconsequential. Diffusion of multivalent ions across neutral vesicle
bilayers is slow. Presumably, the hydrophobic interior constitutes a
high energyv barrier that disfavors ion penetration. Furthermore, since
the phospholipid vesicle membrane is doped with positively charged
ruthenium ions, its permeability to the reductant ion should depend on
the charge of the ion. Both Cr2+ and V2+ are small divaleut cations and
therefore should not penetrate through the cationic vesicle interface;

hence, diffusion to the inner surface 1is highly unlikely. Conversely,
ascorbic acid in pH 4.0 solution exists partially as a mononegative ion
(PKa = 4.17) and thereby should exhibit a greater diffusion rate.
However, first-order rate constants of the slow reaction measured for
these reductants are almost identical, suggesting that their diffusion
to the inner surface is not rate determining.

The anomalously faster rate of slow-phase reduction by cu’ ion can
possibly be attributed to its capacity to bind olefins. Cuprous jon has
been shown to complex with the terminal double bond of (NH3)5Ru—a—
alkenylpy ions.63 Since the hydrocarbon bilayer of PC vesicles also
contains unsaturation, complexation by cu” ion might also occur. As a

. . + ., . .
result, the accessibility of Cu 1ion to the ruthenium ions on the inner
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surface might be enhanced through both its binding to olefin bonds in
the vesicle interior and binuclear ion formation with the xruthenium
complex on the surfaces.

Complex bleaching of PC-bound reduced (NH3)5RU—A—(11‘—
dodecenyl)py2+ complex is observed when the external reductant
concentration becomes limiting. Results obtained from bleaching
experiments of Ru(II) ions in homogeneous solutions for various
reduccants show that the disappearance of the Ru(II) chromophore
deviated markedly from first-order kinetics for the reductants with rate

5 -1

% t6 1072 7!, but increased linearly with

constants in the range of 10
perchlorate ion concentration. These results are attributable to
perchlorate oxidation of Ru(II1) ions. 1In PC vesicle solutions, however,
the stability of reduced Ru(II) complex appears to be enhanced both
toward bleaching and hydrolytic processes.

The absence cof transmembrane diffusion of PC-bound (NH3)5RU*4-(11'-

dodecenyl)py3+/2+

ion is demonstrated 1in the studies of time-dependent
redox behavior of externally-bound ruthenium complexes (Section 3.7.3).
The method involves incubation of PC vesicles initially containing only
ruthenium ions bound to the external surface, then followed by cyclic
redox reactions with external reagents. Implicit in this method is the
assumption that the fast and slow reduction measure the ion on the
external and internal surfaces, respectively. The absence of measurable
slow-phase reduction of externally-bound Ru(III)-vesicle suspensions
that were incubated for several hours at 25°C by either Cr2+ or
ascorbate ion indicates that Ru(IIT) did not diffuse appreciably to the

inner surface during the incubation period. If transmembrane Ru(11I)

diffusion were significant in this time span, the slow-phase reduction
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should have been detected with an amplitudinal increase corresponding to
the amount of diffused ions. Similarly, externally-bound Ru(II)-vesicle
solution formed by Cr2+ reduction was incubated for ! hour, then
oxidized with Fe(CN)3_, and reduced again with Cr2+ ion. No biphasic
kinetics in the reduction was observed and greater than 90% of the
original Ru(II) complex absorbance was recovered in the oxidation-
reduction cycle. Again, if diffusion of the reduced complex were
significant, the amount of Ru(II) recovered in the final reduction step
would be substantially less than the original concentration, with the
corresponding growth of the slow-phase reduction component reflecting
the formation of internalized Ru(I1). Therefore, these results indicate
that the slow component in reduction of ruthenium complexes by external
reductant cannot be due to transmembrane diffusion of either the
oxidized or reduced ruthenium species.

The most straightforward interpretation of the overall kinetic
behavior observed in the reduction of (NH3)5RU‘A‘(11'-dodecenyl)py3+ in
PC vesicles is that fast reduction of Ru(III) complex ion occurs on the
outer vesicle surface followed by slow transmembrane electron exchange
between Ru(II) and Ru(III) ions bound to the opposite surfaces. A
plausible reaction sequence of this redox process is depicted in Scheme
IV. The assumptions embodied in the kinetic scheme (Section 3.7.4) are
substantiated by the lack of observable transmembrane diffusion of
ruthenium species and external reductant. The quasi~equilibrium condi-
tion attained following slow reduction is also verified by the observed
plateau in the optical absorption at 415 nm, which indicates the total

concentration level of reduced ruthenium complex ion, both externally

and Internally bound, is maintained constant by the external reductant.
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The apparent first-order rate constant obtained for the slow reduction,
ko’ is the sum of ké and k3, the pseudo first—-order transmembrane
electron transfer and bleaching rate constant, respectively. Resulrts
from bleaching studies indicate that contribution of k3 could be as much

4 s_l) sets

as 10% of the overall observed rate; therefore, ko(5‘9 x 10~
an upper limit for the transmembrane transfer rate.

Electron transfer reactions between two ions in homogeneous
solution in general exhibit second-order kinetics, i.e., first-order in
each reactant. Assuming independent binding sites (Langmuir binding)
for the amphiphilic ruthenium complex ions on PC vesicle surfaces,
transmembrane electron transfer should also be a second-order process.
The rate constant for the slow reduction step should increase with
increasing surface ruthenium concentration. However, within
experimental error, measured transmembrane rate constants did not vary
appreciably when tuthentium/PC ratios were increased five—fold (Table 20)
and the relative amplitudes of both fast and slow reduction also were
not affected. These results suggest that the slow reaction on the
vesicle surface is a first-order process. Bimolecular reactions in
geometrically restricted systems such as micelles have been studied and

74,113 114

pseudo-first-order behaviors were observed. Based on theories

of reaction-diffusion kinetics, models to account for the reduction of

113,124

reaction order have been developed. In particular, micellar

surface diffusion kinetics has been shown to explain hoth enhancement of
reaction rates and reduction of dimensionality of dismutation reactions
of Br; ion radicals in aqueous cetyltrimechylammonium bromide (CTAB)

113

micelles. Similarly, in the present vesicle system, if lateral

diffusion of bound ruthenium iens within the membrane plane and exchange
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of bound ions among the vesicles were slow relative to transmembrane
electron transfer, the reaction would be Intramolecular and gives rfse
to first-order kinetics. Alternatively, other mechanisms could also
give rise to filrst-order behavior. The binding site of ruthenium ions
might not be totally independent, 1.e., lons bound to opposite surfaces
might preferentially align in a configuration that minimizes the charge
repulsion on the surface imposed by the bound ions. Without a deta{led
knowledge of the ruthenium ion microscopic binding properties and its
diffusion kinetics on the vesicle surface, it is difficult to assess the
reaction order of the slow redox step.
4.10 Energetics of transmembrane electron transfer

Thermodynamically, the overall reduction of (NH3)5RU~A—(11‘-
dodecenyl)py3+ ions bound to opposfte surfaces in PC vesicles by
external reductant can be separated into two distinct steps (Scheme IV),
the initial rapid reduction of external Ru(III) <k1 pathway) and the
subsequent slow transmembrane reduction of internal Ru(IIT) (k2 pa th-
way). Reduction of the external Ru(III) ions generates a transient
potential gradient across the vesicle bilayer as a consequence of the
decreased positive charge density on the outer vesicle membrane. How-
ever, electroneutrality is still maintained because there is no net
charge translocation across the bilayer. Addition of external reductant
causes only electron exchange between the externally bound ruthenium and
the redvctant 1on. The free energy change associated with the added
negative charges on the external surface 1s analogous to the electro-
static energy required to charge up a spherical surface from the
external bulk medium; hence, it contributes to the net free energy

change of external reduction:
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[Ru§+][0X-] j (45
AE = AE® - RT/F 1n - charge

(Ru03+][red.]/

U3+/2+

where AE® = E (R )y - El/Z (ox./red.)

1/2

_ A2
and ECharge = Q°/C (46)
In equation 46, Q is the total charges deposited on the extenral vesicle

surface per mole of external ruthenium reduced and C is the capacitance
of the outer vesicle surface. Under the experimental conditions,

Echarge is calculated to be D.1 v (Appendix I1I). Except for cu” ion,
the AE° calculated is much greater than zero for all reductants used
(Table 24). Since the external reductant is in excess, external
reduction of the ruthenium complex is essentially complete; i.e., at

equilibrium, 97% of the external ruthenium is reduced for cuprous

reduction. Values of AE® - E ranges from 0.049 to 0.612 v

charge
depending on the reductant (Table 24).

The slow reduction of vesicle-bound Ru(I11l) ions following the
initial fast reaction can be viewed as rate-determining transmembrane
electron exchange between external Ru(Il) and internal Ru(III), followed
by rapid reduction of external Ru(III) by the reductant, i.e.,

RoZY 4 RZT o Ru§+ + RuT (47)

Ru2+ + rted. - Ru§+ + ox. (48)
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The net result hence is the conversion of internal Ru(IIT) to Ru(II) by
external reductant,

2+
Rui+ + red. > Ru +  ox. (49)

3+/2+ ions 1is

Assuming transmembrane electron transfer between Ru
thermodynamically reversible, the net free energy change for the

reaction can be represented as:

[Rug+] [ox. )
AE, = AE® - RT/F 1n (50)

(Ru3T] [red.)
in

However, transmembrane reduction of internal ruthenium by external
Ru(Il) is electrogenic. As shown in step 2 of Scheme IV, the inward
movement of electrons causes the external phase of the bilayer to be
more positive and the internal phase more negative if there is no
compensating ion diffusion across the bilayer, thereby disfavoring
further charge influx. This opposing force is analogous to the
electrostatic force involved in removing charges from the outer terminal
to the inner terminal of a concentric plate capacitor. For the highest
ruthenium/PC ratios used in the present study (1l:11), the potential

energy developed across the vesicle bilayer due to transmembrane

electron transfer, Ecap’ is calculated to be 1.12 volt (Appendix 111) if
all internal Ru(III) ilons are reduced. Since the net chemical driving
force, AE®, is only 0.149-0.712 volt for the various reductants (Table

24), without compensating ion diffusion the electrical polarization of

the bilayer that develops as transmembrane electron transfer proceeds
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would increasingly oppose the further reduction of internal Ru(IIT)
ions. Taking this capacitor effect into the driving force, AEt' = bE_ -

E the extent of transmembrane electron transfer limited by membrane

cap’
polarization can be calculated (Table 24); e.g., at equilibrium, only
33% of the Internal ruthenium would be reduced using ascorbate ion as
external reductant. Since reduction of internal ruthenium is essen-
tially complete regardless of the reductants used, charge-compensating
ion diffusion must occur.

Svmport of oppositely charged ions in ion transport across both
biological and artificial membranes has been observed.125~127 Con-
ceivably, cation diffusion might be rate-limiting in the slow trans-
membrane redox step. Although phospholipid bilayers in general are
relacively impermeable to small ions, i.e., diffusion coefficients are

9 ~11

in the order of 10 ’-10 cm/s, passive proton diffusion across vesicle

bilayers has been observed with half-times in the order of

)
minutes,lze‘lz’

which is in the same time span for transmembrane elec-
tron transfer. However, kinetic data obtained for the slow reduction in
vesicle systems containing a lipid-soluble proton carrier, carbonyl
cyanide m-chlorophenylhydrazone (CCCP), were almost identical to that
without the proton translocator (Table 20). Similarly, addition of
valinomycin, a potassium ionophore in el media also did not accelerate
the slow-phase redox rate. These observations suggest that transmem-
brane electron transfer is rate-limiting and membrane polarization

during redox is minima) because charge-compensating ion diffusion is

relatively fast.
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4.11 Ap electron—tunneling model

The ruthenium fons remain ves{cle-bound during redox as indicated
by the bathochromic shift of the Ru(IIl)-to~pyridine charge transfer band
at 415 om. This shift 1s greater than that observed when the ion is
transferred from water to ethanol (lmax(H2O) = 398 nm, Xmax(EtOH) = 408
nm), which suggests 1t is localized in a more hydrophobic environment
than alcohol. Hence, It is reasonable to assume that the ilons are
relatively constrained In the lipid reglon near the hydrocarbon-water
interface which should give rise to relatively deep potentlial energy
wells for electron transfer across the hydrophobie bilayer. Since
ruthenium fons are bound to opposite vesicle surfaces, electron exchange
between them would require a transfer distance of almost the total width
of the bilayer, i.e., about 40 A. Long-range electron transfer between
two rigid redox centers has been observed in several Instances; the
reaction mechanism {s thought to Iinvolve rate-limiting electron

runneling. 3221307132

Inasmuch as transmembrane diffusion of both the
ruthenium fons and external reductant is precluded in the present work,
the transmembrane electron transfer step could be treated Iin terms of an
electron tunneling model.

Photoelectric conduction in monolayer assemblies has been
stLu’Jied.IBB_135 In this type of experiment, layered Langmuir-Blodgett
films which contain linear organic dyes with thelir C-axis normal to the
layer plane are sandwiched between insulating fatty acid monolayers.
Photocurrents could be generated between two metal electrodes separated
by the multilayer assembly upon light excitation. At low temperatures,
this phenomenon 1s adequately explained by an electron tunneling

mode1108 in which electrons hop to interlayer trapping sites {n the
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hydrocarbons of the fatty-acid lavers and proceed to the anode. The

hopping relaxation time constant, b4 represented as

-1 -1 3/2

1 =1 (2a8) l/2]
o

exp[-208 - (Aa/nN(EF)sz) (51)
where & i1s an energy barrier term assuming a square-shape potential
barrier imposed by the hydrocarbon layer, i.e., & = (2m¢)1/2/ﬁ;

£ is the hopping distance, and the exponential term (-2af -

)1/2

(4a/wN(EF)2kT ) is the minimal hopping energy obtained by optimizing
the number of avallable transfer sites and the shortest hopping
distance. Based on this model, an electron mnear the Fermi level EF hops
into one of the localized states distributed with a density N(EF) on the
adjacent interface.

Since the morphologies of unilamellar vesicles and monolayers are
similar, the vesicle bilayer could be viewed as stacking two opposite
monolayers together. Assuming the transfer sites are located in the
hydrocarbon phase in the vesicle, the hopping distance would be
approximately the half-widcth of the bilayer. Using the experimental

parameters obtained in the monolayer studies, Ty © 10_12

1015 g1 2 133

s, N(Eg) =

a barrier height ¢ = 2.5 V estimated from the Fermi

136

energy of the Ru(IT) ion in aqueous solution (-4.8 V), and a transfer

distance of 22 A, the electron tunneling relaxation rate constant (r_l)
is calculated to be 1.0 x ]0_3 s_l at 23°C. This value is in accord

with the experimentally measured transmembrane redox rate constants

(Table 20).
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4.12 Tenmperature dependence of the reaction

According to equation 51, the electron tunneling relaxation rate
constant (qu) has a small temperature dependence. In the range of
5-30°C, the rate increase is calculated to be about 20%. However, the
experimental rate constants obtained in this temperature range show a 6-
to 7~fold increase (Table 16). This suggests that either there exists a
substantial activation barrier (Franck-Condon factor) other than the
electron hopping energy barrier or some parameters in the tunneling
relaxation rate expression are temperature-dependent.

Phospholipid bilavers undergo dimensional changes with increasing
temperatures, e.g., lateral expansion of the bilayers, increase of

137-139 These

internal volume, and decrease of the bilayer thickness.
changes occur both above and below the gel to liquid crystalline phase-
transition temperature but are most pronounced in the phase-transition
region, presumably due to the higher degree of rotational freedom of the
polar head groups and increased fluidicty of the hydrocarbon chains.
Watts and coworkersl37 have found that in unilamellar dimyriscoyl-
phosphatidylcholine vesicles which consist of CIA monomer chains, the
bilayer width decreases approximately 0.} A/degree and 0.3 A/degree
below and above the phase-transition temperature (TC = 22°C), respec-—
tively. Similarly, the linear expansion coefficient (a) determined for
dipalmitoyllecithin bilayers in the fluid phase, where o = dr/adT, r is
the bilayer width and a is the lipid lattice constant, is 3.4 x

10—3 —1.138

°C Since egg phosphatidylcholine has a relatively low phase-
transition temperature (=12 to 5°C), the vesicles in the kinetic studies
are in the fluid phase. Assuming a similar linear expansion coeffi-

cient, the temperature dependence of the slow-phase reduction can be
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ascribed to decreases Iin the bilayer width, 1.e., the electron hopping
distance (2) in equation S51. A decrease of 0.6 A over the range of
5-30°C would give rise to an order of magnitude decrease in the
tunneling relaxation rate which is consistent with the rate data
obtained (Table 16).

Alternatively, the temperature dependence of isoenergetic trans-
membrane electron transfer could be rationalized in terms of a nuclear
energy barrier in vibronically coupled electron tunneling theories. One
essential feature of these theorles is that the electron tunneling
probabilities are controled by vibronic coupling to low-frequency
polarization modes of the solvent and high-frequency modes comprising
the intramolecular vibrations of the donor and acceptor molecules.
Based on the Franck-Condon principle, which states that there i{s no
change in the nuclear geometry during electron transfer between two
centers, the reorganization energies from these vibrational modes
contribute to the preexponential factor (v) in the tunneling rate

expression,lbo {.e.,

k(r) o« v exp (-r/a) (52)

This Franck-Condon factor has an exponential temperature dependence,
54b,140
except Iin the special case of activationless electron transfer,
i.e., when the product potential energy surface Intersects the reactant
surface at fts minimum,
Activation enthalpies obtained for transmembrane redox are 8-14

kecal/mol (Table 20), similar to values observed in intramolecular

reduction of pentaamminepyridineruthenfum(III) complex by Cu(I) in the
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binuclear ion.63 Vibronically coupled electron tunneling could
therefore account for the rate behavior in the absence of other effects.
Since bilayer thinning is known to occur with increasing temperatures,
however, it appears more favorable to ascribe the temperature dependence
to decreased tunneling distances in the electron conduction model. The
dominant effect of varying % in equation 51 i1s in the exponential term,
exp(-2al); 1f 2 varies linearly with temperature, the rate constant

would exhibit an Arrhenius-type temperature dependence.
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CHAPTER 5

SUMMARY

Several photoinduced redox reactions between light sensitizers and
viologens and thermal electron transfer reactions have been carried out
in vesicle systems. Transmembrane electron transfer is observed in
2

+
*_DHP vesicles in which C, MV' monocation

symmetrically bound CléMV 16

radicals are generated by oxidative quenching of unbound photoexcited
4-

ZnTPPS in the external bulk medium. Kinetic data obtained from

steady-state illumination studies indicate that transmembrane redox

2+

between external CléMV+ and internal C, MV has occurred, since incor-

16
poration of an internal electron scavenger, Fe(CN)g_, retards the rate
of ner viologen radical formation. Comparison of data obtained from
other DHP vesicle systems of different configurations suggests that
transmembrane redox occurs via a mechanism in which electrons tunnel
across the vesicle bilayer. This claim is further supported by the lack
of detectable photostimulated diffusion of initially compartmented
reactants as demonstrated by binding and diffusion studies.

Diffusion of MV2+

across DHP bilayers is enhanced by photoexcita-
tion of vesicle-bound sensitizers. Translocation of internally bound
viologen to the external surface leads to oxidative quenching of the
sensitizer on the same surface. The activation enthalpy of this process

is similar to that for passive thermal viologen diffusion. It suggests

that the enhanced membrane fluidity might be attributable to localized
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heating of the bilayer structure produced by nonradiative deactivation
of the excited bound sensitizer. This phenomenon {s potentially
important to designing efficlent solar conversion systems where
photoexcitation of phase-separated reactants are used.

Reduction of symmetrically bound (NH3)5Ru-4—(11'—
dodecenyl)pyridine3+ lons in PC vesicles by excess external reductant
exhibits biphasic kinetics. Kinetic analysis of the slow phase reaction
indicates that the rates are best fitted by first-order kinetics, and
within a relatively large experimental error, they are Independent of
both the identity and concentration of the reductant. The simplest
interpretation for this observation Is the net reduction of internal
ruthenium complexes. It has also been demonstrated by binding and
diffusion studies that diffusion of ruthenium(II)/(II1) complexes and
external reductants are insi{gnificant in the time frame of slow-phase
reduction. These overall results, therefore, strongly suggest that
reduction of internal ruthenf{um complex in PC vesicles occurs by

transmembrane electron transfer.
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Table 1. Hydrodynamic Radii of PC Vesicles from Light-Scattering

Spectroscopy

Ves{cle? (PClm¥ Ru:PC® 107%1c g,  Variance®
(sec) (R)

PC 0.1 - 4.81 254 0.33

0.1 -———- 4.75 251 0.32

0.1 - 4.34 229 0.28

0.03 - 4.98 263 0.28

(NH3>5Ru—4-(11‘— 0.1 1:17 4.35 230 0.36
dodecenyl)py3+—PC 0.1 1:17 4.83 255 0.34
0.1 1:17 4,12 218 0.34

0.1 1:4.,5 4,42 234 0.47

0.1 1:4.5 3.99 211 0.45

0.1 1:4.5 4.52 239 0.41

1n 0.1 M sodium acetate, pH 4.0.
b
Molar ratio of ruthenium to phosphatidylcholine monomer.

CCalculated from equation 18.



Table 2. Hydrodynamic

Spectroscopy

Radii of DHP Vesicles from Light-Scattering

b
Vesicle® Medium Ry (A) Variance
DHP 0.1 M tricine, pH 7.2 638 0.21
DHP/ ZnTMPyP T } M TEOA, pH 7.8 480 0.19
DHP/ ZnTHPyP4* 0.02 M TRIS, pH 7.8 514 0.12
4+ 2+
DHP/ ZnTMPyP*™ Mv2* .02 M TEOA, pH 7.8 484 0.13
2+ 4+
Mv2?/ DHP/ ZnTHPYP 0.05 M TRIS, pH 7.8 400 0.18

8Ref. 69.

bFrom equation 18,
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Table 3. Summary of Sclute Binding by Vesicles

! _ 3+
(NH3) sRUNCgH, (CH,) CH=CH,~ " ions

n=2,5, 7, PC
or 10

3+

(NH3) 5CoNCgH, (CH,) _CR=CH,” lons

n=7,9 PC

Solute Vesicle Method of determination
Photosensitizers
ZnTMPyP4+ DHP Gel chromatography, optical
difference spectroscopy,
membrane ultrafiltration
Ru(bpy)§+ DHP Optical difference spectroscopy
Viologen
My 2+ DHP Optical difference spectroscopy,
gel chromatography
C16HV2+ DHP Optical difference spectroscopy,
gel chromatography
CI6MV2+ PC Gel chromatography
c, mv2* PC Gel ch h
151V el chromatography

Gel chromatography, optical
difference spectroscopy

Membrane ultrafiltration




Table 4. Entrapment of Metal Complexes by PC Vesicles

Complex Charge Metal Content Amount of Total Entrapped Reten-— No.
Type in Vesicle PC Vesicle Metal tien of
Solution (umole) {mg) Internal Concentra- Factor Filtrations
Volume  (yl)  tion® (M) (%)
Inttial Final I(nitial Final®
(NH3)5C00H'2+ + 3 80 2.7 25.6  22.4 8.7 0.31 3.4 9
Co(bpy)§+ 43 40 1.4 23.7  21.9 8.5 0.16 3.5 12
cedt +3 68 5.7 63.0  62.6 26.4 0.23 8.4 9
(NH3)5C0N§+ + 2 75 0.85 29.3 6.9 10.5 0.08 l.1 14
(NH3)3C0(N02)3 0 83 0.51 28.7 23.7 9.2 0.06 0.6 9
(N02)2C0(glyc1nate)2_ -1 49 1.2 24.0 21.5 B.4 0.14 2.5 9
Fe(CN}é_ -3 110 7.2 25.2  21.9 8.5 0.85 6.6 28
cO(CN)g‘ -3 93 2.8 -—- -——- -—- -—-- 3.1 L2

Determined by MC analysis.

bBased on a value of 0.3 pl/ymol PC.

“Obtatned by dividing values from column 4 by values from column 7.

Obtained by dividing values from column 4 by values {rom column 3.

¢l



Tsble 5. Initial Rates? of Myt Formationb in Passive
Viologen Diffusion Across DRP Vesicle

Bilayers©
Ry (nM sTh) Temperature (°C)
7.3 15, 20
35 25
67 30
113 35

%From fnftial slopes of lines cbtained from viologen-
DHP vesicle solutions Incubated at temperatures
indicated (Figure 24).

bDetermined from spectral changes at 600 nm upon
reduction by externally added dithionite.

€Inttial concentrations = [DHP] = 4.8 mM, [MV2+] =

3.6 M, in 0.05 M Tris, pH 7.8.
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Table 6. MV2T Diffusion Induced by External Hydroxylic Amines in DHPr

Vesicles®
External Amine Time After Amine Viologen Leakageb % of Total
Added AT {min) {(uM) Internal
c
Viologen

0.05 M tricine 15 7 4.7

0.05 M TEOA 20 10 6.7

0.05 M Tris 20 27 i8

“Reaction conditions = 4.8 mM DHP and 3.0 mM MVZ® sonfcated in B,0, pH
8.4, followed by cation exchange chromatography; external reagents
added to asymmetric vesicles: 30 pM Ru(bpy)§+‘ 1] mM EDTA prior to
amine addition, at 23°C, pH 8.4.

bExternal viologen was determined as MVt at 600 nm by dithionite
reduction.

“Obtained by dividing values from column 3 by 150 pM internal HV2+,
whose concentration was determined from the ultraviolet spectrum of

Mv2*_pHp asymmetric vesicles referenced against DHP vesicles.



Table 7. Photolnduced Viologen Diffusion In Asymmetric MV2+§DHPISensitizer Vesicles®

2+, ¢

M Mve ] % I1lumination Sensitizer Temperature Medium
in out
(uM) (uM) Leaksge Time (min) {°c) Conditionsd
2+

120 52 43 120 Ru(bpy)3 (e) 23 1
195 50 26 155 23 I
95 38 40 9n 23 I1
96 50 52 100 23 11
60 9 15 100 10 1T
100 20 20 100 20 I1
80 30 38 80 30 1
60 50 83 20 40 1T

{continued)

LeT



Table 7, continued:

2+.h

[MV ]1n [HV2+]§ut % Illumination Sensitizer Temperature Medium
(uM) (M) Leakage Time (min) (°C) Condltionsd
4+
76 30 39 120 ZnTMPyP {£) 23 1
120 50 44 120 23 II
160 38 35 20 23 Ir
120 0 0 60 ZnTPPS ™~ (g) 20 It

Apeference 69.

b
Determined by optical difference spectroscopy of asymmetric MV

nm
prior to Illumination.

+
cDetermlned as MV Dby external dithionite reduction after {llumination.

2

‘+—DHP vesicles vs.

dI = ”20’ pi 8.4; 11 = 0.05 M Tris, pH 7.8; all contained 2 mM external EDTA.
e 2+
30 yM Ru(bpy)3 , sensitizer:DHP = 1:160.
f 4+
16 oM ZnTMPyP , sensitlzer:DHP = 1:300.
8 4-
50 yM ZnTPPS  , sensitizer:DHP = 1:80,

DHP vesicle at 256

8eT
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Table 8. Initial Rates of Ru(bpy)§+ Sensitized Myv™

b
Formation® in Asymmetric MV2T-DHP Vesicles

Ry (nM s~1)¢ Temperature (°C)
1.2 10
4.1 20
10.8 30
41.4 40

®Based on €403 = 1.24 x 104 ML en! for Myt upon

external dithionite reduction.eb
bReaction conditions: 4.8 mM DHP, 3.6 mM My2+ sonicated
in 0.05 M Tris, pH 7.8, followed by Sephadex chromatography;

external reagents added: ! mM EDTA, 30 uM Ru(bpy)§+;

-8
{1luminated with 410 nm cutoff filter, I, = 6 x 10

einstein/s.

“Determined by absorbance increase at 603 nm.



My’ Quenched by Intecnal Fe(CN)g_, in Fe(CN)z_, cl6mv2+ynnpﬂcl6mv2+, 201PPS"” Vesicles®
i ° + +
3} Induction (min) Temp. {°C) Calculated [MV ] Csleulated (MY )
Generated Usilng Rl Generated Using Ri
{uM) from Vesicles not
3- c
Containing Fe(CNJ6 {(uM)
20 10 1.2 3.7
15 23 1.6 4.0
8 30 1.8 2.9

aReference 69.
bHeasured by optical difference spectroscopy (=

“From Table 10, C

-1
420 = 1040 M

Mv2+ynupyclﬁnv2+, ZnTPPS ™ vesicles.

cm_l) or atomic absorption spectroscopy.

avT



Table 10. Initial Rates of ZnTPPSa- Sensitized C1 MV+ Formation {in DHP Vesicle Solutlonsa

]
Vesicle Configurationb Ri(nM s_l)c Temperature (°C)  -ln Ri 10_3 x /T (°K_l) Ea (kcal/mol)
clﬁnvz+ﬂoupﬂclauv2+, ZnTPPS ™ 3.1 10 19.6 3.53 5.8
4.4 23 19.2 3.38
6.] 30 18.9 3.30
2+ b=
ﬁnnpﬂclbuv , ZnTPPS 3.4 10 19.5 3.53 8.3
6.7 23 18.8 3.38
8.8 30 18.6 3.30
-3 2+ 4~
Fe(CN}6 #DHP!Clénv , ZnTPPS (d) 12 10 18.2 3.53
46 23 16.9 3.38
Fe(CN)EJ, clﬁnv2+ﬁnup§cléuv2+, 1.0 10 20.7 3.53 t0.8f
i 1.8 23 20.1 3.8
ZnTPPS (d) 3.7 30 19.4 3.30
¢ MVIDHRIC hY, Fe(CN)gj. 0.8 10 21.0 3.53
on 0.8 23 21.0 3.38
ZnTPPS (e) 1.5 30 20.3 3.30
%0.5 mM C16HU2+, 4 mM DHP, sonficated in 0.02 M Tris, pH 7.8, to form symmetcically-bound viclogen-DI¥ vesicles,
2+

G.25 mM clbhu added to 4 mM DHP vesicles to form asymmetrically-bound viologen-DIIP vesicles; external reagents
added: 40 uM ZnTPPS', 0.1 M tricine.

b
Reference 69%.

“Determined by absorbance increases at 600 nm.

dInl:ernal Fe(CN)g_ incorporated by cosonication of 20 mM Fe(CN)g with CIGHU2+—DHP suspension, followed by Sephadex
G-50 chromatography.

€50 UM external Fe(CN)gv added.

fAfter 8-20 minute induction period (Table 7).

7T
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Table 11, Initial Rates of ZnTMPyP4+ Sensitized C16MV+ Formation in PC
Vesicles
_1.d

Vesicle Conflguration® [c16HV2+]b c16HV2+/PCc Ri(“H s D)
(mM)

C16MV2+IPCﬂC16MV2+, ZnTMPyP4F 1.6 1:6 0.29°
0.53 1:6 0.13f
0.23 1:10 0.30f

PC/C, MV2T, ZnTHpyPt* 0.20 1:16 0.12f
1.0 1:3 0.92¢

C gMv2t, zamHpyPtt 0.53 —- 8.3¢

8Reference 69, in 0.05 M phosphate, pH 6.5, with 1 mM EDTA as sacrificial
donor,

b
Initial concentration

CInitial concentration ratlos

d
Initial slopes of C16Mv+ formation determined at 600 nm; illuminated

with filtered visible 1ight (x > 515 mm), at amblent temperature.
€20 uM ZnTMPYP4Y

£10 uM znTHPyR**
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Table 12. Oxidative Quenching of Photoexcited ZnTHPyP4t (3) by Pe-bound

2+ (b)
Clst
2+)¢ ¢ 2+ -3 -1,d
(Cy MY ] [pC) Cy MV /PC 10 k (s7)

(mM) (m™)

0 3.0 0 3.9 + 0.4
0.11 3.2 1:29 4.7 + 0.5
0.33 3.2 1:10 5.6 + 1.0
1.6 9.6 1:6 7.6 + 0.4
3.3 9.6 1:3 8.0 + 0.7
4.3 13 1:3 10.1 0.9

520 uM external ZnTMPyP4+

byesicles formed in 0.05 M phosphate, pl 6.5

“Inftial concentration

dDeactivation rate of excited Zn(II) porphyrin detected at 890 nm, at

23°C, excitation wavelength 532 nm; results are average values of three

or more Indi{vidual determinations.
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Table 13. Recombination Rates of ZnTMPyS+ and C16HV+ in 016MV2+‘PC
Vesiclesa
- —1:\¢

[C,MV2H)® () (PC)P (my) c MVt /e 108 « k (vl 57D

1.6 9.6 1:6 6.5

4,3 12.8 1:3 1.5

0.11 3.2 1:30 15

1.1 6.0 1:6 1.8

1.6 9.6 1:6 6.8

8vesicles formed in 0.05 M phosphate, pH 6.5; excitation wavelength
X =532 nom, at 23°C.
bInitial concentatlions determined by 14C analysis.

CDetermined from slopes of second-order decay curves (1/Absorbance vs.
time) of 016MV+ formation following excitation, i.e., k = € ¢ 2 » slope,
= 4 -1 -1 +.

with & =1 em, €474 = 1.2 x 107 M cm for c16MV ; detection

wavelength ) = 610 nm.
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Table 14. Rate Data for Slow Reduction of PC-Bound (NH3)5RU_4_(11-_

dodecenyl)py3+ Ion by External Reductants®

Reductant (mM) 107 = Ky %Z Total optical Exper{mental
(s_l) change conditicns
cr2t 0.8 9.3 32 b
1.4 7.8 28 b
1.6 2.8 38 c
2.9 4.7 35 b
3.8 7.2 30 b
4.3 3.5 27 b
5.1 4.5 34 c
5.1 6.0 32 c
7.4 9.3 27 ¢
y2* 0.07 3.3 31 c
3 7.1 32 ¢
0.7 5.5 26 ¢
Ascorbate 0.1 13.0 49 c
4 18 40 c
1.0 15.0 31 c

Bat ambient temperature

bInitial conditions: 3.4 mM PC, 0.2 mM Ru(III), in 0.1 M sodium acetate,
pH 4.0

“Initial conditions: 7.5 mM PC, 0.5 mM Ru(IIl), 1n 0.} M sodium acetate,

pi 4.0
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Table 15. Temperature Dependent Slow Reduction of PC-Bound

(NH3)5RU—4—(11‘—dodecenyl)py3+ by Cr2* lon®
Temperature (°C) 1074 « k (s7D) % Total optical change
10 2.3 + 0.3 28 + 3
15 7.8 + 0.1 29 + 1
20 9.4 + 0.7 29 + 1
25 9.7 + 1.6 35+ 6
30 14.6 + 4.5 32 + 1

qExperimental conditions: 7 mM PC, 0.17 mM Ru(IIL) sonicated

in 0.1 M sodium acetate, pH 4.0; 0.6 mM cel* added externally.
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Table 16. Temperature Dependent Slow Reduction of PC-Bound

(NH3)5Ru—4—(11'—dodecenyl)py3+ by Ascorbate Ion®

Temperature (°C) 1074 .« x (s_l) % Total optical change
5 1.9 22 b
10 3.1 24
15 4.9 37
20 6.7 38
25 10.5 32
30 13.7 32
5 3.3 31 c
10 4.3 37
15 5.3 36
20 7.2 33
25 14.3 43
5 2.0 38 a
10 4.1 43
15 7.3 43
20 9.9 36
30 12.6 39

80.6 mM ascorbate added externally.

dInitial concentrations: 7.5 mM PC, 0.17 mM Ru(III) sonfcated 1in
0.1 M sodium acetate, pH 4.0.

“Inttial concentratfons: 7.5 mM PC, 0.14 mM Ru(III) sonicated in
0.1 M potassium acetate, pH 4.0.

9Initial concentratfons: 7.5 mM PC, 0.3 mM Ru(III) sonicated {n
0.1 M potassium acetate, pH 4.0.
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Table 17. Temperature Dependent Reduction of PC-Bound

b
(NH ) gRu=4=(11"~dodecenyl)py”* by v2* lon®

Temperature (°C) 1074 « x (s7D)

Z Total optical change

10 6.0
15 7.2
20 17.0
25 12.0

24

23

17

16

20.6 mM V2¥ added externally.

bInitial concentratfons: 3.7 mM PC, 0.4 mM Ru(III) in 0.1 M

sodium acetate, pH 4.0.



Table 18. Temperature Dependent Slow Reduction of PC-Bound

(NH3)5Ru—4—(11'—dodecenyl)Py3+ by ce?* Ton in

CCCP-Incorporated Vesiclesa’b
Temperature (°C) 1074« x (s_l) Z Total optical change
10 4.5 24
15 5.8 30
20 8.0 32
25 16.2 30

8CCCP: carbonyl cyanide m-chlorophenylhydrazone.
bExperimental conditions: 5 pM CCCP, 0.17 mM Ru(III), 7 mM PC

sonfcated in 0.1 M potassium acetate, pH 4.0; 0.6 mM cr?* added

externally.

149
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Table 19. Temperature Dependent Slow Reduction of PC-Bound
(NH ;) Ru-4-(11'-dodeceny1)py>* by cx’* Ton tn

Valinomycin-Incorporated Vesicles?

Tempera ture (°C) 1074 « k (s~1y % Total optical change
5 1.1 32
10 4.0 + 1.0 29 + 1
15 6.6 + 0.5 30 + 3
20 6.9 + 0.5 30 + 1
25 9.4 + 2.0 32 +5
30 12.3 + 6.4 34 + 4

8Experimental conditions: 7 pyM valinomycin, 0.17 mM Ru(III), 7 mM

PC sonicated in 0.1 M potassium acetate, pH 4.0; 0.6 mM cr?t

externally added.



Table 20. Summary of Kinetics

Reductants

of Slow Reduction

of PC-Bound (NH3)5Ru—£|—(ll'—dodecenyl)py3+ by External

Reductant

Activatlon parameters

(aH?  as? (23°C)

et (0.8 - 7.4 m0)®
vI* (0.07 - 0.70 =¥)?
cut (0.48 - 1.5 m)®

Ascorbate {0,14-1.0 mM)a

cr?t {lvaltnomycin) = 7 )<

crZt ((cccp] = 5 wnd

10k (s ') % Total optical change
6.9 (+ 2.4)° 30 (+ ¢

5.3 (+ 2.0)° 30 (+ 1)
17.4 (+ 8.8) 17 (+ 5)
13.8% 35 (+ 6)f

6.9 (+ 0.5)" N (+ 08

8.0 30 (+ )"

13 kcal/mol, -29 e.u.

8.3 kecalfwol, -43 e.u.
Bleaching side reaction
11.5 keal/mol, -33 e.u.
11.8 kcal/mol, -32.7 e.u.

14 keal/mol, -24 e.u.

aExperirnental condltions are those given in Table l4.

bInltial concentrations:
cExperimental conditions
d

Experiwental conditicns
eAveraged value of those
E

Averaged value of those
gAveraged value of those
1

lAveraged value of those

{at 20°cC.

7.5 mM PC, 0.4 oM Ru{II1) in 0.l M WaOAc, pH 4.0.

are those

are those

liscted in

listed in

listed in

listed in

given
given
Table
Table
Tabtle

Table

fn Tabie 19.
in Table 18.
14,
16.
19.

i8.

TSI
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Table 21. Bleaching of (NH3)5RU_4_(11-_
dodecenyl)py2+ in Reactions Where

Reductant Is Concentration-Limiting?

Reductant (uM) 1074 .k (S_l)
Ascorbate 45 2.9
90 1.2
cr2t (TFA, 0.1 M) 160 1.1
40 0.86
cr?t (c10))° 40 2.2
40 2.9b
40 0.6
y2+ (c)_oZ)e 35 13
vZ* (TFA, 0.1 M) 22 0.14
y2+ (0104")e’f 17 1.6

a{Ru3*] = 0.1-0.3 mM, in 0.1 M NaOAc, pH 4.0,
at 15°C.
bar 25°C.

Cat 5°C.

dpdded 0.12 mM NacCl0,,

€added 1.2 mM NaC10,,

fAdded 3 mM preformed PC vesicles.
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Table 22. Physical Characteristics of ZnTMPyP&+—DHP Vesicles?

[DHP] /[ ZnTHPyP4+) D % Mean P...P 3(ZnTHPyP4+) Deac tivation
Surface distance
coverage© (R)¢

k(s_l) Initial absorbance®

600 0.24 300 k., = 1.5 x 10° Al = .047
Ky, = 3.1 x 10° A = 046

Ky = 5.6 x 100 A% = .112

120 1.2 103 Ky = 3.4 x 10° Al = .107

k, = 3.5 x 104 A2 = ,051

30 4.8 52 k; = 3.9 x 10° Al = 154
k, = 4.1 x 10 At = 071

ky = 4.7 x 103 A3 = .047

®1n 0.02 M Tris, pH 7.8, 23°C

D{znTMPyPAt) = 10-40 uM; [DHP] = 1.2-6.0 mM

€Calculated by assuming 70 and 100 A2 for DRP monomer and ZnTHPyPZl+
surface areas, respectively.

dCenter—to—center distance.

“Absorbances at 830 nm of transient species decaying by each pathway

extrapolated to initial time.
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Table 23. Quenching of Photoexcited Zn(II) Porphyrin by DHP-Bound
Viologena

Viologen Sensitizer Quenching rate constant

c v ZnTMPyP>~  (m-anion) 1.7 x 10 v 1 571 (p)

C14 My 2t 3znTPPS4” (triplet) 2.4 x 108 w7l 71 (c)

My 2T 320TPPSY”  (triplet) 2.5 x 10° ¥t 71 (q)

c mvt 320TMPYPYt  (bound triplet) ~103 71 (v)

2532 nm excitation wavelength, 600 and 826 nm detection wavelengths.

bExperimental conditions are those given In Figure 56.

€20 M znTPPS4™, 3.6 mM DHP, 67-600 wM Clamv2+ fn 0.02 M Tris, pH 7.8,

at 23°C.

d

23°C.

20 uyM ZnTPPS®™, 3.6 mM DHP, 33-200 uM MV2* in 0.02 M Tris, pH 7.8, at



Table 24. Free-Energy Cbarge in PC-Bound (NH3)5Ru-4—(11'—dodecenyl)py3+

Reduction by External Reductant

Ion 0 (V)2 sE®D AE°—EChargeC AELd
Rudt/2+ 0.302 0 -0.098  —-——-
Reductant:
cult/+ 0.153 0.149 0.051 ~0.954
y3+/2+ ~0.255 0.557 0.459 -0.546
cr3+/2+ ~0.410 0.712 0.614 -0.391
Ascorbate ~0.058 0.360 0.262 ~0.743

8Reduction potentials

b <o ° o
AE® = E l/Z(RU3+/2+) - F 1/2(reductant)

¢ =

Echarge - 0098 V (Appendix ITI)
d, ., )

LE} = E° - RT/F 1n [RuZF)(0x.1/[7Ru3¥) [red.] - Eup, uith [red.]/[ox.]
= 4, [Rug+] = 2[Ruz:]; Ecap = 1+12 V (Appendix III), RT/F = 0.025 V, at

23°C.
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10,000 X 5000 A

Figure 1. Electroo micrograpbh of polydisperse PC vesicles. PC in
0.01 M sodium acetace, pH 4.0, after 3 hours of sonication; stained with

5% phosphotungstic acid.
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42.000 X 2000 A

Figure 2. Electron micrograph of PC vesicles. PC vesicles from
the supernatant fraction of sonicated PC suspension after 100,000 G

centrifugation; stained with 5% phosphotungstic acid.
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Figure 3. Autocorrelation decay curves of phosphatidylcholine (PC)

vesicles.
Curve a: 0,1 mM PC in 0.01 M sodium acetate, pH 4.0,
Curve b: 0.6 uM (NH3)5Ru—d—(ll'—dodecenyl)PY3+ with 10 yM PC
(1:17, Ru:PC) in 0.0l M sodium acetate, pH 4.0.
Curve ¢ 2.2 uM (NH3)5Ru—4—(ll'-dodecenyl)py3+ with 0.1 mM PC

(1:4.5, Ru:PC) in 0.01 M sodium acetate, pH 4.0.
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Figure 4. Optical absorption difference spectra of DHP-bound

sengitizers vs. sensitizers irn bomogeneous solution.

Graph a: 2.4 mM DHP vs 1.6-9.5 M ZnTMPyP*" in 0.05 M

TEOA, pH 7.8.

Graph b: 0.36 mM Ru(bpy)§+, 1.8 mM DHP vs. 0.36 mM Ru(bpy)%+

in 0.1 M tricine, pH 7.2.
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Hv2+—DHP vesicles on

2+
Sephadex G-50. 2.4 mM DHP sonicated in the presence of 0.5 mM CIAMV

Figure 5. Elution profile of ZnTHPyP4+—CIA
end 20 yM ZnTMPYP“¥ in 0.02 M Tris, pH 7.8. Solid line: relative
turbidity. Dashed line: 2Zn(II) porphyrin absorption, measured at 446
nmn. Dotted line: viologen, measured as the CMMV+ radical ion at 560
nm by dithionite reduction of eluate fractions. Alternate dash-dotted
line: viclogen peak obtained in the absence of DHP vesicles. The arrow

indicates column vold volume determined by elution of blue dextran.
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Figure 6. Optical absorption spectra of methylviologen radical

cation (HV+). My" obtained by dithionite reduction.

2: 3.0 mM DHP and 1.2 mM MV sonicated in 0.05 M Tris, pH

7.8-

br 25 uM MVZ* in 0,05 M Tris, pH 7.8.
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Figure 7. Optical absorption spectra of N-methyl-N'-

hexadecylbipyridine radical cation (CIGHV+)' Initfal conditions: 3.0

mM DHP and 1.2 mM Cl6Hv2+ gonicated in 0.02 M Tris, pH 7.8, followed by

Sephadex G-50 chromatography.

8.

+
DHP-bound C16HV obtained by dithionite reduction of

viologen-vesicle fractions.

29T

+
CIGHU obtained by dithionite reduction of viologen

fractions (vesicle free).
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Figure 8. Elution profile of HV2+—DHP vesicles on Sephadex G-50.
4.6 oM DHP and 1.0 oM MV2® sontcated in 0.1 M triethanoamine, pH
7.8. Solid line: relative turbidity. Dashed line: wviologen, measured
at 600 nm, as MV+ by dithionite reduction of eluate fractions. The

arrow indicates the column vold volume.
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16HV2+—DHP vesicles on Sephadex
2+

G-50. 3.0 wM DBP and 0.4 mM CJ6HV sonicated in 0.02 M

tris(hydroxymethyl )aminomethane (Tris), pH 7.8. Solid line: relative

Figure 5. Elution profile of C

+
turbidity. Dashed line: viologen, measured at 600 nm, as C MV by
dithionite reduction of eluate fractions. The arrow indicates column

void volume.
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Figure 10. Elution profile of alkylviologen—PC vesicles omn

Sephadex G-50.

Graph a:

Graph b:

2.6 mM PC and 0.16 mM clénv2+ sonicated in 0.05 M

phosphate, pH 6.5, 8So0lid line: relative turbidity.
Dashed line: viologen, measured at 398 nm, as

C MV+ by dithionite reduction of eluate fractions.

16
3.2 wM PC and 0.57 oM C ,MV’" sonicated in 0.05 M
phosphate, pH 6.5. Solid line: relative turbidity.
Dashed line: viologen, measured at 398 nm, as

ClAHV+ by dithionite reduction of eluate fractions.

The arrows indicate column void volume.
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Figure 11. Elution profile of external CI6HV2+-PC vesicles on

2

Sephadex 6-50. 0.53 mM C. MV’" added externally to preformed PC (3 mM)

16
vesicles in 0.05 M phosphate, pH 6.5. Solid line: relative turbidity.
Dashed line: viologen, measured at 560 nm, as C16HV+ by dithionite

reduction of eluate fractions. The arrow indicates column void volume.
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Figure 12. Elution profile of (NH3)SRu—4—(11'—dodecenyl)py3+—PC

and (N‘H3)5Ru—lo—(8'—noneuyl)py3+ on Sephadex G~50.

Graph a: 3 mM PC and 23 pM (NHB)SRu-d-(ll'—dodecenyl)Py3+

Graph b:

sonicated in 0.02 M phosphate, pH 6.0. Solid line:
relative turbidity. Dashed line: Ru(II) ion,
measured at 415 nm, obtained by ascorbate reduction
of eluate fractions.

3 mM PC and 28 uM (NH3)5Ru—4—(8'—nonenyl)py3+
sonicated in 0.02 M phosphate, pH 6.0. Solid line:
relative turbidity. Dashed line: Ru(Il) ion,
measured at 400 nm, obtained by ascorbate reduction
of eluate fractions. The arrows indicate column

vold volume.



168

1.0
1.0~
> 0.8~
= > oaf
* =
& c
@
- 0.6} ©
£ s 0.6~
° =
]
2z 0.4+ > .
= = 7
r =2
)
2 0.2+ o5 o2k
0.0l ol
L | i | 1 | 1 L ) ) L L )
0 10 20 30 40 50 éo o 10 20 30 40 60

Figure 13. Elution profile of (NH
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a b

3)SRu—h—(6'—heptenyl)P73+—PC and

(NH3)5Ru—4—(3'—butenyl)PY3+—PC vesicles on Sephadex G-50.

Graph a:

Graph b:

3 mM PC and 15 pM (NH3)5Ru—4-—(6'-—heptenyl)Dy3+
sonicated Iin 0.02 M phosphate, pH 6.0. Solid line:
relative turbidity. Dashed line: Ru(II) ion,
measured at 400 nm, obtained by ascorbate reduction
of eluate fraction.

3 mM PC and 14 uM (NH3)5RU—4—(3'—bucenyl)py3+
sonicated in 0.02 M phosphate, pH 6.0. Circle:
relative turbidity. Triangle: Ru(Il) ion, measured
at 400 nm, obtained by ascorbate reduction of eluate

fractions. The arrows indicate column void volume.
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Figure 14. Optical absorption spectra of (HH3)5Rn—4—(11'—
dodecenyl)py2+—PC vesicles.

a. Solid curve: absorption spectrum of 68 pM Ru(II) 1ions In
0.02 M phosphate, pH 6.0. Dotted curve: Absorption
spectrum of 68 uM Ru(II) added to preformed PC (3 mM)
vesicles.

b. Difference spectrum of Ru(II)-PC vesicles vs. Ru(II) 1ons.
Conditions are the same as In a; Ru(II) fons obtained by
ascorbate reduction; baseline 1s vesicles vs. buffer

solution.
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Figure 15. Optical sbsorption spectra of (NE3)5Ru—4—(3'—
3+
nonenyl)py~ -PC vesicles.

a. Solid curve:

absorption spectrum of 0.1 mM Ru(II) ions in
0.02 M phosphate, pH 6.0.

Dotted curve: absorption

spectrum of 0.1 mM Ru(II) added to preformed PC (3 mM)
vesicles.

Difference spectrum of Ru(II)-PC vesicles vs. Ru(II) ions.

Conditions are the same as ip a; Ru(II) ions obtained by

ascorbate reduction; baseline is vesicles vs.

buffer
solution.
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16. Optical absorption spectra of (NHB)SRU-A-(3'—
-PC vesicles.

S0l11d curve: absorption spectrum of 90 u¥ Ru(II) ions in

0.02 M phosphate, pH 6.0. Dotted curve: absorption
spectrum of 90 uM Ru(II) added to preformed PC (3 mM)
vesicles.

Difference spectrum of Ru(II)~PC vesicles vs. Ru(II) ions.
Conditions are the same as In a; Ru(II) ions obtained by

ascorbate reduction; baseline 1s vesicles vs. buffer

solution.
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Figure 17. Uncorxected binding curve for (NH3)5C0—4—(8'—
nonenyl)py3+—PC vesicles. The phosphatidylcholine concentration was 4
mM; [CO]°ut values were determined from atomic absorption measurement,
[Co] values determined by subtracting the amount of cobalt in

retained
the filtrates from the total cobalt added (see Section 2.3.8).



173

200 —

200

150

150+

100

(ppm)

‘0D

[Collﬂlqlnvd
[Collolalnod
(ppm)

50

o

V | | ! I } |

s¢ 104 150 %0 100 150

{Colourlpom)
[cojoul {(ppm)

+
Figure 18. Retention curves for (NH3)SCo—4—(m—alkeny1)py3 ions by

semipermeable membranes.

8. (NH3)5C0‘4—(10'-undecenyl)py3+;

b. (NH3)5C0-A-(8'—nonenyl)py3+; the lines were drawn from
linear regression analysis of data points and constrained
to go through the origin; experimental information is

giver in Section 2.3.8.
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mM;

[Co]out values from the calculated retained cobalt concentration.

Figure 19. Corrected binding curve for (NH3)5C0—5—(10'—
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Figure 20. Corrected binding curve for (NH3)5C0—4—(8'—

nonenyl)py3+-PC ves{cles. The phosphatidylcholine concentration was

4 mM; [Co) velues were determined by subtracting the corrected

bound

ICo]out values from the calculated retained cobalt concentration.

Experimental information 1s given in Section 2.3.8.
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Figure 21. Sterm plot for (NH Co—A—(lO'—undecenyl)py3 -PC

s
vesicles. Solid curve obtained by fitting equation 26 with o =
1/167 A2 and K = 3,0 x 10-'3 M; o values obtained by fitting equation

26 with experimentally determined [Co]bound and [Co]out values.
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Figure 22. Sterm plots for (NH3)5C0—4—(8'-nonenyl)vy3 ~BC
vesicles. Curve a: K = 6 x 10_4 M; curve b: K = 1.2 x 10_3 M; curve
c: K =7x 10_3 M; o™ = 1/285 Az; values obtained by fitting equation

26 with experimentally determined [Co]bound and [Co]out values.
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Figure 23. Elution profile of H72+—DHP vesicles on Sephadex G-50.

4.8 mM DHP, 3.6 nM MV2* sonicated in 0.05 M Tris, pH 7.8. Solid line:
relative turbidity. Dotted line: viologen absorption, measured at 600
nm, as MV+ by dithionite reduction of eluate fractions. The arrow

indicates column void volume.
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Figure 24. Temperature dependence of Mv2* diffusion across DEP

vesicle bilayers. Asymmetric HV2+—DHP vesicles prepared from 4.8 mM DHP

+
and 3.6 mM HV2 , Bonicated in 0.05 M Tris, pH 7.8. Solid curves:
external MV2+ measured as Al by dithionite reduction of eluate
+
viologen-DHP fractions. Dotted lines: initial rates of MV formation.

Temeratures are indicated in °C.
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Figure 25. Eyring plot of initial rates of MV+ formation for

viologen diffusion in HV2+—DHP vesicles. Ri values are initial rates of

+
MV’ diffusion obtafined from Figure 25. The line was drawn using linear

regression of the data points. Experimental conditions are those given

in Table 5.
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Figure 26. Optical absorption difference spectrum of Fe(CN)g_,
C16HV2+—DHP vs. DHP vesicles. C16MV2+-DHP vesicles containing internal
Fe(CN)g_ (initial concentrations 200 mM Fe(CN)g—, 4.8 wM DHP, 1.2 mM
CléMV2+) vs. DHP vesicles in 0.02 M Tris, pB 7.8. The dotted curve 1is
the extrapolated baseline due to viologen absorption; internal Fe(CN)g-

concentration is calculated from the peak height of the solid curve to

the dotted curve.
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Figure 27. Zn'l‘)'ﬂ’yi""+ sensitized Al formation in asymmetric
HV2+-DHP vesicles in aqueous solutions. 4.8 mM DHP, 3 oM HV2+ sonicated
in Hzo, pH 8.4, followed by cation exchange chromatography, 16 uM
ZnTMPyPA+, 1 mM EDTA externally added. Illumination times are Indicated
in minutes. A 515 nm cutoff filter was used to remove higher energy
photons from 0-60 min; 2 410 nm cutoff filter was used from 60-120 min.

The region from 410 to 480 nm was deleted due to the intense gbsorption

of the porphyrin (A426 > 2).
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Figure 28. Ru(bpY)i+ seusitized HV+ formation in asymmetric
HV2+—DHP vesicles in agueous solutions. 4.8 mM DHP, 3 mM MV2+ sonicated
in HZO’ pH B.4, followed by cation exchange chromatography, 30 uM
Ru(bpy)§+, 1 mM EDTA added externally. A 410 cutoff filter was used;
illumination times are indicated in minutes. The region from 480-540 nm

was not scanned in order to obtain accurate optical changes in the UV

region as quickly as possible.
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Figure 29. ZnTMPYP* gensitized MV’ formation in asymmetric mv2?

vesicles in Tris buffered solutifons. 4.8 mM DHP, | mM MV2+ sonicated
in 0.05 M Tris, pH 7.8, followed by Sephadex G-50 chromatography, 16 uM
ZnTMPyPA+, ! mM EDTA added externally. A 515 nm cutoff filter was used;

illumination times are indicated in minutes.
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Figure 30. Ru(bpy)§+ sensitized MV' formation in asymmetric

uv2*-DRP vesicles in Tris buffered solutiops. 4.8 md DHP, 3 mM MV

2+
sonicated in 0.05 M Tris, pH 7.8, followed by Sephadex G-50
chromatography, 30 uM Ru(bpy)§+, ! mM EDTA externally added. A 410 nm

cutoff filter was used; 1llumination times are indicated in minutes.
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Figure 31. Wavelengtb dependence of photoinduced viologen
diffusion across DBP vesicle bilayers. Asymmetric Mv2+-DHP veslicles

(4.8 mM DHP, 3.6 mM Mv2?

, initial concentratifons) in 0.05 M Tris, pH
7.8, 16 uM ZnTMPyPA+, 1] mM EDTA externally added; N determined at 600
nm at 23°C. Optical cutoff filters used during illumination are

indicated.
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Figure 32. Eyring plot of initial rates of sensitized Mvt
formation in photoinduced viologen diffusion. Initial conditions:
[DBP) = 4.8 mM, [Hv2+] = 3.6 mM, 1n 0.05 M Tris, pR 7.8, [Ru(bpy)§+] =
30 UM and [EDTA] = 1 wM added externally; i1lluminated with filtered
visible light (X > 410 nm, I,=6x 10_8 einstein/second); MV was
determined from spectral changes at 600 nm. Initial rates (Ri) are

given in units of Ms_l.
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Figure 33. ZnTPPSA_ sensitized C

6HV+ formation in cleuv2+—nﬁp

1

vesicles. 4 mM DHP, 0.5 mM clém'2+ sonicated in 0.02 M Tris, pH 7.8, 40
4-

uM ZnTPPS " , 0.1 M tricine added externally; illumipated with filtered

visible light (X > 495 nm). Tllumination times are indicated in

minutes.
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Figure 34. ZnTPPSA— sensitized C HV+ formation in Fe(CN)g_,

16
016H72+—DHP vesicles. Triangles: 40 uM ZnTPPSA_ and 0.1 M tricine

added to DBP vesicles contalining Hv2+ bountd to inner and outer surfaces.
Initial concentrations: [016MV2+] = 0.6 wM, [DHP) = 4 mM. Circles:
Same conditions except vesicles contain internalized Fe(CN)g_. Initial
concentrations: {CIGHV2+] = 0.6 mM, [DHP] = 4 mM, [Fe(CN)g_] = 20 mM.

Vesicles were passed down Sephadex G-50 column, illuminated with

filtered visible light (A > 496 nm).
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Figure 35. Eyring plots of ZnTPPSa_ sengitized C HV+ formation

16
iv CI6HVZ+—DHP vesicles. Ri is defined in Table 5. Squares:
2

internally and externally bound C16”V +—DHP vesicles with externzal
ZnTPPSA_ and tricine in 0.02 M Tris, pH 7.8. Circles: internally and

2

externally bound C16MV T_DHP vesicles containing internalized Fe(CN)g—,

external ZnTPPSa_ and tricine in 0.02 M Tris, pH 7.8. Triangles:

externally bound CIBMV2+-DHP vesicles with external ZnTPPSa_ and

tricine, in 0.02 M Tris, pH 7.8. The lines were drawn using linear

regression analysis of the data points; experimental conditions are

given in Table 10.
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Figure 36. ZnTHPyP4+ sensitized Cl6HV2+ reduction {in C16H72+-PC
vesiclegs. 3 mM PC, 0.3 mM C16MV2+ sonicated 1n 0.05 M phosphate, pH
6.5, with 10 uM ZnTHPyPA+ and 1 mM EDTA added externally., TIlluminated
with filtexred visible light (3 > 515 nm); 1llumination times are

Indicated In minutes.
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Figure 37. Deactivation of photoexcited ZnIHTyP4+ in PC vesicle
solution.

Left column, curve a: time course of absorbance changes
following laser flash excitation detected at 600 nm; curve
b: absorbance changes detected at 890 nm. The excitation
wavelength was 532 nm; point of i{nitiation of the laser
flash is marked with an x.

Right column, curves a, b: first-order kinetic plots based on
the baselines drawn in the corresponding curves displayed
in the left column. Reaction conditions: 10 uM

2nTMPyP**, 3 mM PC in 0.05 M phosphate, pH 6.5, at 23°C.
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e 38. Reductive quenching of photoexcited ZnTHPyP4+ in PC

Curve a: time course of absorbance changes detected at 890 nm
following 532 nm laser flash excitation.

Curve b: first-order kinetic plot based on the baseline drawn
in a. Reaction conditions: 10 pyM ZnTHPyP4+, 3 mM PC,

1 mM EDTA, in 0.05 M phosphate, pH 6.5, at 23°C.
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Figure 39. Deactivation of photoexcited ZnTH?yPa+ in C, MV PC

16

vesicles.
Curve a: time course of sbsorbance changes detected at 8%0 nm
following 532 nm laser flash excitation.

Curve b: first-order kinetic plot based on the baseline drawn

fn a. Reaction conditions: 1.6 mM CléHV2+, 9.6 mM PC, 20

oM ZoTPyP%?, in 0.05 M phosphate, pH 6.5, at 23°C.
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Figure 40. 2ZnTMPyP  sensitized CI6HV formation in Cl6HV ~PC
vesicles.

Curve a: Time course of absorbance changes detected at 610 nm
following 532 nm laser flash excitation.

Curve b: first-order kinetic plot based on the baseline drawn

in a. Reaction conditions: 1.6 mM C16HV2+, 9.6 mM PC, 20

M ZnTHPyP4+, in 0.05 M phosphate, pH 6.5, at 23°C.
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Figure 41. Stern-Volmer plot of oxidative quenching of photo—

excited ZaDPyP** by PC-bound C;MV2*. The line was drswn from linear

regression analysis of data points; experimental conditions are those

given in Table 12.
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Figure 42. PFast reduction of PC-bound (NH3)5Ru—A—(11'—

dodecenyl)py3+ ion by V2+ fon. The arrows indicate the point of mixing

of reactants; amplitudes are 10 mV/division. Conditions: 1 mM V2+, 3

aM PC, 0.16 mM Ru>¥ in 0.0) M acetate, pH 4.0, at 23°C.
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Figure 43. Slow reduction of PC-bound (NH3)SRU-4—(11'—
dodecenyl)py3+ by v2* ion.
2+ 3+
Graph a: 0.7 mM V° added to (NH3)5Ru-4—(11'-dodecenyl)py -
PC vesicles, at 23°C. 1Initial concentrations: [PC] = 7.5

m, [Ru) = 0.4 mM, in 0.1 M sodium acetate, pH 4.0.

Graph b: first-order kinetic plot of data points in b.
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Figure 44. Slow reduction of PC-bound (NH3)5Ru—4—(11'-

dodecenyl)PY3+ by cr?t ton.

Graph a:

5.1 mM Cr2+ added to (NH3)5Ru—4—(11'—dodecenyl)Py3+‘

PC vesicles at 23°C. 1Initial concentrations: 7.5 mM PC,

0.4 mM Ru(IT1I), in 0.1 M sodium acetate, pH 4.0C.

Graph b:

First-order kinetic plot of data points in graph a.
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Figure 45. Slow reduction of PC-bound (NH3)SRu—A—(11'-
dodecenyl)py3+ by ascorbate iomn.
Graph a: 0.6 mM ascorbate added to (NH3)5RU-A—(11'—
dodecenyl)py3+—PC vesicles at 20°C. Initial concentra-
tions: 7.5 mM PC, 0.17 mM Ru(III), in 0.1 M sodium

acetate, pR 4.0,

Graph b: First-order kinetic plot of data points in graph s.
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Figure 46. Slow reduction of PC-bound (NH,) _Ru—4-(11'-

s
dodecenyl)py3+ by Cu+ ion.

Graph a: 0.48 mM cu’t added to (NH Ru—&—(ll'-dodecenyl)py3+-

3>5
PC vesicles st 23°C. Initial concentrations: 7.5 mM PC,
0.4 mM Ru(II1), in 0.1 M sodf{um acetate, pH 4.0.

Graph b: First-order kinetic plot of data points In graph a.
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Figure 47. PEyring plot of kinetic data for slow reduction of

2

PC-bound (NH Ru—ls—(ll'-dodecenyl)py3+ by Cr * fon. The line was drawn

3)5

from linear regression analysis of the data points; experimental

conditions are given in Table 15.
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Figure 48. Eyring plot of kipetic data for slow reduction of
PC—-bound (NE3)5Ru—4—(11'—dodecenyl)py3+ by ascorbate fon. The line was
drawn from linear regression analysis of the data points; experimental

conditions are given in Table 16.
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Figure 49. Eyring plot of kinetic data for slow reduction of
. 3+ v2+
PC-bound (NH3)5Ru—4—(11 —dodecenyl)py~ by ion. Experimental
conditions: 7.5 mM PC, 0.3 mM Ru(III) in 0.1 M sodium acetate, pH 4.0,

with 0.5 oM V21 added externally.
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Figure 50. Eyring plot of kinetic data for slow reduction of

PC-bound (RH3)5R.U-4—(11'—dodecenyl)py3+ by cr2t fon in CCCP-incorporated

vesicles. The line was drawn from linear regression analysis of the

data points; experimental conditions are given in Table 18.
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Figure 51. Eyring plot of kipetic data for slow reduction of
. 3+ 3+
PC-bound (NH3)5Ru-4-(11 —dodecenyl)py~ by Cr~ 4in valinomycin-—
Incorporated vesicles. The line was drawn from linear regression

analysis of the data points; experimental conditions are given 1n Table

19.
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Figure 52. Slow reduction of PC~bound(NH3)5Ru—4—(6‘—heptenyl)py3+

ion by Cr2+ ion.

Graph a: 0.6 mM Cr2+ added to (NH3)5Ru—4—(6'—hepteny1)py3+—

PC vesicles at 10°C., 1Initial concentrations: 7 mM PC,

0.1 mM Ru(IIl), in 0.1 M sodium acetate, pH 4.0,

Graph b: First-order kinetic plot of data points in graph a.
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Figure 53. Bleaching of (HH3)5Ru—4—(ll'—dodecenyl)py2 generated

by reductants.
Graph a:
Graph b:

Graph c:

pH 4.0, at 15°C.

0.27 wM Ru(IIl), 22 uyM V°

0.37 oM Ru(1II), 90 yM ascorbate.

2+

0.3 mM Ru(III), 40 uM Cr“ .

2+ in 0.1 M sodium acetate,

Absorbance changes detected at 400 no.
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Left column, curves a-c:

Figure 54. Deactivation of photoexcited ZnTHPyP4+—DHP vesicles.

time course of absorbance changes

following 532 nm laser flash excitation.

Right column, curves a-c:

kinetic analysis assuming three

concurrent first-order reactions, using estimated

baselines shown for curves a and b. Reaction conditions:

4+

10 yM ZnTMPyP | 6 mM DRBP in 0.02 M Tris, pH 7.8, at 23°C.
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Figure 55. Spectra of ZnTHPyPA+—DHP photoexcitation intermediates.
End-of-pulse spectra for rapid (circles), intermediate (squares), and
slowly-decaying components (triangles) of triphasic deactivation curves
calculated from transient spectra at 1.5, 4.8, 16, 50, and 230 uys after
excitation. Reaction conditions: 20 pM ZnTHPyP4+, 2.4 mM DHP in 0.02 M

Tris, pH 7.8, at 23°C.
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Figure 56. CMHV2 quenching of ZnTH?yP4+-DHP photoexcitation

intermediates.
Graph a: wviologen dependence for an-ion quenching, measured at
770 nm, with 20 pM ZnTMPyP"*, 1.2 @M DHP in 0.02 M Tris,
pB 7.8, at 23°C.
Graph b: wviologen dependence for triplet deactivation,

measured at 830 nm, with 10 uM ZnTMPyPA+, 6.1 wM DHP in

0.05 M Tris, pH 7.8, at 23°C.
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Figure 57. Spectra of ZnTET7P4+—C16HV2+—DHP photoexcitation

intermediates. End-of-pulse spectra for the composite of self-quenched

ZnTHPyPA+ triplet and CMMV2+ quenched nm-ion (circles) and for the

¢

at 1.0 and 16 ps after excitation.
2* 2.4 wM DHP in 0.02 M Tris, pH 7.8, at 23°C.

4HV2+ quenched triplet (triangles) calculated from transient spectra

Reaction conditions: 20 pM

ZnMPYP*, 0.5 mM Cy MV
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Figure 58. ZnIHPyP4+ photosensitized viologen reduction.

Graph a: MV+ formation; circles: 10 uM ZnTMPyP4+, 0.24 mM

MV2+, DHP absent; squares: 10 pM ZnTMPyP4+, 1.2 mM MV2+.
4+ 2+

6 mM DHP; triangles: 20 uM ZnTMPyP , 0.24 mM MV~ , 1.2

mM DRP.

Graph b: c“Mv+ formation; 10 uM ZnTMPYP ¥, 0.21 mM ClAMV2+,

4+ 2+

DHP absent; squares: 10 uM ZnTMPyP |, 1.2 mM CIAMV ,
4+ 2+

6 mM DHP; triangles: 20 pM ZnTMPyP ', 0.24 mM CI4MV s

1.2 mM DHP. All reaction in 0.02 M TEOA, pH 7.8 at

ambient temperature.
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Figure 59. Oxidative quenching of photoexcited ZnTPPSb_ by
DHP-boumd Mv2".
Upper trace: triplet formation and deactivation.
Lower trace: viologen radical formation. The arrows indicate
the point of initiation of the laser pulse; amplitudes are
| mV/division. Conditions: 20 pM ZnTPPS*™, 70 uM My2™*,

3.6 mM DHP in 0.02 M Tris, pH 7.8, at 23°C.
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APPENDICES

Appendix I

Derivation of the kinetic equation for slow-phase reduction of

symmetrically bound (NH3)5RU-4*(11‘—dodecenyl)py3+ ion in PC vesicles

The rate expression for appearance of ruthenium(II) complex during
the slow reduction in Scheme IV, assuming the reactants are
statistically decorrelated, is:

2+ 2+
(1) d[Rui ] = kz[Ruo ]

dat

3+ 2+]

[Rui ] - k3[Ruy

The k2 pathway represents the slow transmembrane exchange between

externally bound Ru2+ 3+

ion and internally bound Ru ion and the k3

pathway represents the slow pseudo~first order oxidation of internally
2+

bound Ru by perchlorate ion.

Since kl’ k' >> k2 and transmembrane diffusion of the bound

1

+, .
ruthenium species does not occur, [RuO ] is constant:

v o 2+
(2) ky' = kz[RuO )

and since transmembrane diffusion does not occur:

(3) (Ro,1p = (R 27) 4+ (Ru >

where [Rui]T 1s the total internal ruthenium complexes. Hence,
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2+ , . 2+
(4) d[Rui }/dt = k2 [Rui]T - (k2 + k3)[Rui ]
, 2+
Since at t = 0, [Rui ] = 0, integration yields:
(5) k2 [Rui]T
u 2+ = (kp" * kgt
kz'[Rui]T - (kz' + k3)[Rui ]
BEEE ) 2+ 3+
At pseudoequilibrium, there 1s no net change in [Rui ] and [Rui I,
i.e.,
3+
(6) k3 [RUi ]e
_. = T
k, (Ru "]

Dividing both numerator and denominator in the logarithmic expression

on the left hand side of equation 5 by k,' gives:

(7) [Rui]T

in = (k "+ k )t
, 2+ 2 3
[Ru T =~ (1 + ky/k, ') [Ru, ]

Substituting for k3/k2' (equation 6) and taking account of conservation

of mass (equation 3), we obtain after rearranging terms:

(8) {Ru
In = (k2' + k3)t
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2+
Since the absorbance at 415 nm, A, is proportional to the total Ru

concentration,

(9) A, = eb ((Ru *] + [Ru,**) )
(10) A = b [Ru 2"
(1) AL = cb [Ru Z") + [Ru ™)

where Ae’ A and A, are the absorbance at pseudoequilibrium, initial

O)
time, and at time t, respectively. € is the molar extimction

coefficient of the bound Ru2+ complex iomn, and b is the optical
pathlength.

2+]

Substituting (Ae - AO)/cb for [Ru12+] e

o’ (Ae - At)cb for [Rui

[Ruiz+], the final form of the integrated rate expression is
12 -
(12) Ay = A
In | — = (k," + k)t
A - A 2 3
e t

Plots of ln(Ae - At) vs, time should therefore be lineartr with

negative slopes equal to the sum, k2' + k3, and y-intercepts equal to

[ 4= A l-
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Appendix II

Derivation of the Stern equation

The hydrophobic adsorption of a molecule to a bilavyer membrane can
be represented by the Langmuir adsorption isotherm, which is derived on
the assumption that the adsorption sites are spatially fixed and non-

interactingl:

(1) o,= (6, -] _ /x

; . 2 -m .,
where 0, is the number of molecules adsorbed per unit area (A )y vfm is

the maximum number of adsorbed molecules (per unit area), K is the
dissociation constant (M), and [B}x=0 is the aqueous concentration of
the adsorbing species B at the membrane-solution interface. This model
also assumes that [B]x=0 is equal to the B concentration in the bulk
solution ({B])). However, if B is a positively charged molecule, its
absorption to the vesicle surface produces a surface potential that
would resist further adsorption of B, thereby reducing the B concentra-
tion at the interface. A more realistic approach is to relate the
aqueous B concentration at the interface to its bulk concentration by
the surface potential generated in terms of the Boltzmann distribution

n+

(2) [B = [B™ Jexp(nFy,/RT)

}x=O

where ub = d&=0 - d&_m is the electrostatic potential in the aqueous
phase ilmmediately adjacent to the membrane-soluction interface, and n is

the number of charges of the adsorbing ion B"*. If the membrane is
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inicially neutral, the charge density on the membrane surface due to
adsorption of Bn+, Oy » is equal to the surface concentration of
adsorbed ions multiplied by n, the number of charges per ion, i.e.,

0g = nO,. The Gouy-Chapman equation from the theory of the diffuse
double layer describes the surface membrane potential ¥  (mV) in terms
of the surface charge density Os’ and the total concentration of
monovalent electreolyte in the bulk aqueocus solution C by the following
equation2

(3) sinh (Fy_/2RT) = Aos/c”2

where R, T, and F are the gas constant, temperature, and Faraday con-
stant, respectively. A is a constant (A = (BereoRT)_1/2) which depends
on temperature and dielectric constant, where €. is the dielectric

constant, and € the permittivity of free space. At 25°C,

A= 136.6 M2 A2 /charge and RT/F = 25.7 mv3.

Substituting equation 2 into equation 1 yilelds

For n = 1, e.g., adsorption of monopositive ions to the membrane,
equations 1-4 can be mathematically manipulated to generate an
expression relating the binding density to the bulk concentration

of B in terms of the binding parameters %ﬁ and K; specifically,

sinh x = (X - e7%)/2,
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(5) sinh (Fy /2RT) = 1/2[exp(Fy /2RT) - exp(-Fz%/ZRT)}

_ 1/2
Ao /C

Squaring eg. S gives

(6) 4n®o ?/C = lexp(Fy /2RT) - exp(~F U /2RT))?

Substituting equation 4 for exp(Fd6/2RT) yields the Stern equation:

<4A2052/c) +2 =0/, = c,)B] + (5" =0 )[BI/o K
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Appendix III

Charging Energies in Reduction of PC-Bound (NH3)5Ru—A—(ll'-
dodecenyl)py3+ Ion
A. Charging energy in external reduction of PC~bound (NH3)5Ru-4—(11'—

dodecenyl)py3+ ions

Reduction of external ruthenium(III) ions in PC vesicles containing
(NH3)5Ru—4—(11‘~dodecenyl)py3+ ions bound to inner and outer surfaces
decreases the overall positive charge on the outer vesicle surface.
Electroneutrality is maintained across the bilayer, however, since
ruthenium reduction is coincident with reductant oxidation on the same
side of the bilayer, and there is no net charge translocation across the
bilayexr. This process is formally equivalent to charging a spherical
surface from the external medium i.e., a charge Q arising from oxidation

of the reductant in the external sclution phase 1s deposited on the

vesicle surface. Assuming the vesicle surface is an isolated conducting
sphere of radius r, its potential is given by1

V = Q/4ner

and its capacltance,

where £ is the relative permittivity of the external medium (medium

dielectric constant X permittivity of free space). Hence, the

electrostatic energy in charging the external vesicle surface is
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Y PUP
Egharge =V ¢/2 = 0 /2C

Assuming a maximum molar binding ratio of 1:12 for Ru:PC, and

6

average molecular weight of 770 and 2 x 10~ Daltons for PC monomer and

vesicle, respectively, there are a total of

(1/12) = (2 x 109@70) = 216

ruthenium ions per vesicle. Using an external to internal Ru ratio of
2:1, determined from the amplitude of fast and slow kinetic reduction
steps, there are 144 external and 72 internal ruthenium ions.

Using n = 144, the total net charge Q on the external vesicle

surface due to one-electron ruthenium reduction is given by

where e is the unit electrostatic charge, 1.6 x 10_19 coulombs,

-19
o - (144)(1.6 x 10 coul) _ 2.3 x 10_17 coul/vesicle

vesicle

Substituting 81 as dielectric constant for water, 8.85 x 10-14 Farad/em
for permicttivity of free space, and using an external radius of 130 &,

the capacitance is calculated:
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O
n

(4)(81) (8.85 x 10714 Farad‘) ( 130 x 1078 em )

cm vesicle

1.17 x 10716 Farad/vesicle

The charging energy, therefore, is

16

[(2.3 x 10717)2 cour?/vesicle?]/(2)(1.17 x 10718 Farad/vesicle

Echarge -

2.25 x | Joule/vesicle

Since there are 144 external Ru per vesicle, the charging energy per

mole of external Ru is

23

E = (2.26 x 10718 Joule/vesicle)(6 x 10 mol_l)

144 Ru/vesicle

= 9420 Joule/mol Ru

This energy can be converted into an electrochemical potential by the
appropriate conversion factors, 2.389 x 10_4 kcal/Joule and the Faraday

constant, F = 23.061 kcal v 1 me1Tt.

(9420 Joule/mol Ru) (2.389 x 10™% kcal/Joule)
(23.061 kcal/v.mol)

Echarge

E 0.098 V
charge

B. Charging energy in reduction of iotermally bound (NH3)5Ru—4—(11'—

dodecenyl)py3+ ions.

, . + + .
Transmembrane reduction of internal Ru3 by external Ru2 is

equivalent to the transfer of charge from the outer terminal to the

inner terminal of a concentric plate capacitor. The capacitance of a
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capacitor consisting of two concentric spheres of radii of a and b,

where b > a, 1s given by2

(@]
0

4neab/(b - a)

Taking a = 80 &, b = 130 &, ¢ = (2.2)(8.85 x 10712 Farad/em) for 1ipidd,

(471)(2.2)(8.85 x 10712 Farad/em)(80 A)(130 A)(1071C em/R)/ (50 A)

(]
]

5.1 x 10_18 Farad/vesicle

Since there are maximally 72 internal Ru per vesicle,

19 17

Q = (72) (1.6 x 10 coul/vesicle) = 1.5 x 10 coul/vesicle

Therefore,

17 18

02/2C = (1.15 x 10 coul/vesicle)Z/(Z)(S.l x 10~ Farad/vesicle)

o]
1]

cap

17

1.3 x 107 Joule/vesicle
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Converting to energy per mole of intermally bound Ru,

17 23

™
]

(1.3 x 107 Joule/vesicle)(6 x 10%> mole )

(72 Ru/vesicle)

cap

1.08 x lO5 Joule/mol Ru

il

Conversion to volts gives

By = (1:08 10> Joule/mol Ru)(2.389 x 107 kecal/Joule)/(23.061
keal V1 mo1™hH
= 1.12 vV
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Appendix IV

Calculations of Vesicle Surface Area

The surface area of a sphere is given by S = Aﬂrz, where r is the
radius. A spherical bilayer vesicle having an inner radius r, and outer

radius Ty has the following surface areas, respectively:

Hence the fraction of inner surface area to the total surface area of a

spherical vesicle 1is

2 2 2
Sl/(Sl + 52) =1 /(rl + T, )

Assuming ry = 250 A and a bilayer width of 50 A, the percentage of inner

surface area to total surface area of the vesicle is

(200)2

(20002 + (250)?
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