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Chemistry

Photosensitized e]ectron'transpbrt across 1ipid vesicle walls: Quantum

yield dependence on sensitizér concentration .

(solar energy/mémbrane/ruthehium,comp]ex/elettrdh exchange)

William E. Ford, John W. Otvos, and Melvin Calvin
Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory,

University of California, Bekke]ey,'California 94720

Abbreviations:: C?V2+

ethylenediamihe#N,N,N'3N'—tetraacetaté(3-);-PC,’egg'yolk phosphatidyT-

, 1,1'-dihepty1-4,4'-bipyridinium(2+); EDTA,

choline; RH-, EDTA with hydrogen atom abstracted; Ru2+, (N,N*-di(1-
hexadecy])—2,2'-bipyridine-4,4'?dicarboxamide)#bis(ZQZ'-bipyridine)-
ruthenium(2+); *Ru2+,‘sensitizing excited state of Ru2+; Ru(bipy)32+;

tris(2,2'-bipyridine)ruthenium(2+) .
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ABSTRACT An amphiphilic tris(2,2'-bipyridiné)ruthenium(2+) derivative
that is incorporated into the walls of phosphatidylcholine vesicles photo-

sensitizes the irreversible oxidation of ethylenediaminetetraacetate(3-),

- dissolved in the inner_aqueousvcompartments of the veSic}e suspension, and

one-electron reduction of heptylviologen(2+),'disso]ved in the continuous

aquaous'phase. The quantum yield of viologen radical production depends

-on the phospholipid-to-ruthenium complex mole ratio. A kinetic hode] is

used. to derive an order-of-magnitude éstimate for the rate constant of

‘electron transport across the vesicle Wa]1$. The results are inconsistent

with a diffusional mechanism for electron transport and are interpreted in

terms of electron. exchange.



Pigmented’mémbranes that sepafate aqueous compartments are promising
as combonéhts in artificia] photosynthetic deviceé-(]—B). Solar energy can
be captured and stored by photosensitizing compTimentary redox reéétions at

~opposing membrane-water interfaces that result in decompoSftion of water
! to hydrogen and oxygeh; This prbcessvreQUireé transport of elecf;ons and
protons écross the membrane. | | |

Lipid bi]éyer vesicles (4,5) are attfactive as'membrane subStratés-fot_
a'number of reasOns,'inCIUding:. (i) vesicle compositions cah bé.wide]y:
Varied’simpiyvby dispersing diffefént.iipid mixtufes; (ii) the lipids are

in a 1liquid crystalline state, which provfdes_organizatiéh, and (iii) the

‘membranes are highly disperséd, with specific'surface_areaS'of several hundfedf

square meters per gram. =

Design of effiéiénf:énergy-conVerting devices'USing.vesi¢1es requires
knowledge of factors that control rates of charge tfanspdrt across lipid
membranes. ~The walls of bi]ayer vesicles are-quite_thin (typica11y ébout
50 R thick), and several electron transport mechanisms are possible, which
haveibeén considered in discussions of electron transport chains Of_bioiogf-

ca]‘systems (6,7);- Photosensitized electron tranéport’acrOSS Tipid bilayer

" membranes is a relatively new field of reséarch'(1a358); the‘abi]jty of .

1ipid ]ayers to trahsmif e]eCt}ons is established;,a1thoughVthé'électrpn
trénqurt_mechaﬁism is not always cértain. J | | - |

As a model for studying photosénsftized charge traﬁspdrt-across_vesic1e
waT]S, we-hayé gsed;a triS(z?Z'—bipyridyi)rutheniUm(Zf) dérivativebwith~tWQ

‘n—heXadécylﬂsubstitUehts’(abbreviatéd'to-RU2+)rto medaite'transfér of

v
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electrons from éthy]enediamine-N,N,N',N‘-tetraacetate (EDTA) dissolved in
the encaps&]ated aqueous compartments of phosphatidy]cho]ine (PC) vesicles,
to vio1ogén$ dissolved in the continubus aduedus'phase 6f the vesicle sus-
pension (9). Initia}]y the vesit]es contained hexadecylviologen, vitamin
K] quinone, and decachlorocarborane to assist charge transport across the
mémbrane—water ihterfacevand membrane interior. .We have since démonstrated

that these additional membréne components are_nbt required:  the vesicle

2+

walls are composed of PC and Ru® only. Our preliminary results were inter--

preted to mean that electron transport through the membrane occurs by

2+ 3+

electron exchange between Ru“’ and Ru” in opposing 1ipid monolayers of the

vesicles (10). 1In this paper we show that the quantum yield dependence

2+

on PC-to-Ru™ mole ratio is consistent with the proposed electron exchange

mechanism, and we estimate the rate constant for transmembrane electron

4 t010% 57T,

transport, under our conditions, to be of the order of 10

‘which is several orders of magnitude faster than that for. transmembrane

diffusion of lipids (11).

MATERIALS AND METHODS

Materials.* PC, from hens' egg yolks, is purified by the method of
Singleton, et al. (12). 1,1'Dihepty1-4,4'-bipyridinium dibromide

(hebty]vio]ogeh, C7V2+) is purchased fkom Aldrich, ethy1ened1aminetétra-

: dcetic acid frbm Ma]]inckrddt,’and.Reineéke salt from Eastman. The

Reinecke salt is converted fo-the potassium form and recrystallized (13).

24

*The synthesis of Ru™ will be described elsewhere.



2* ) vesicles, stock

2+

Vesicle'Preparation For 200: 10 (mo]e PC mo]e Ru

,so]ut1ons of PC (38 mM) in ethano], and perch]orate sa]t of Ru®" (10 mM) in

'd1methy]formam1de, are mixed and added v1a syr1nge (14, 9)_to-3.0 ml of

vortex-stirred .30 M (NH,) JEDTA (PH 8.6+ 1), giving 2 mM PC and .1 mM Ru®*.

The vesicle suspension is Storéd refrigerated, under N2, for about six hours

before'gel'filtration and i]]umination Fcr a>susbension With the same
'f amount of PC and 2.8+ .2 t1mes ‘as much Ru (200 28 mo]e rat1o), a 28 mM .

2+

_ stock solution of Ru is used

Ge] F1]trat1on and I]]um1nat1on Sephadex G 25 column. (10 x 175'mm)

chromatography is used to rep]ace the EDTA so]ut1on outside the
| ves1c1es W1th 95 M ammonium acetate hydrox1de solution conta1n1ng 018 M

- zinc acetate (pH 8.5 i_;l), w1th ‘about 10% dilution of the;ves1c1e su5pen—'

sion.. A concentrated‘aqueous-sb]ution-of C7V2f:ts added to give .001 M
e | Tick etv
cV

and deaerated using elther scrubbed N2 or Ar

The suspens1on (3. ] m]) is transferfedvto a 1'x 1 cm glass cuvette

The cuvette is. 1mmersed in a water bath (23 + 1 'C) din-a b]ackened

p]ex1g1ass box with a 2x] cm window, and the vesicle suspens1on is st1rred"

”magnet1ca]]y during 111um1nat1on. The light source_1s a 900-W xenon arc
lamp Whosevbeam is collimated and filteredvthrcudh cupric‘su]fate solution.
and two glass filters (Corning #3-72 and #5-57) to isolate blue Tight (60%
_»maximum:transmittance ath460-nm).'.The incjdent_photbn flux is (2.9 ti}4) }
X 107° einstein min']ém-Z; determined by Reineckensalt'actihometry (13 ).

, The:prodUCtTon of viologen hadicai-(C7V+)"after ihterVa]s of i]]uminatidnjv
ts.monitored bycité absorbance at 602 nm; the:conCentration of C7V_+ ;g
Calcu]ated'aésuming.theeextinctiOn coefficient‘of_theﬂradicaJ is:the same

S aé_fon'methylyibiogen-radica1,;12,400'M;]cm7]_(15);'
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RESULTS AND DISCUSSION

The composition of the vesicle suspension is visualized in Fig. 1,
which illustrates the cross-section of a single vesicle whose wall contains

PC and RuZ™ in a 200:10 mole ratio.

I1lumination of the vesicle suspensions results in the appearance of

.C7V+ after a pronoUnced»induCtidn pefiod (Fig. 2). The quantum yier of
radical formation maximizes after about 1% of the Vio]ogen is reduced, and
falls to about one-fifth the maximum: value after about 10% reduction.

 The maximum quantUm yield for C7V+ production in the 200:10 (PC:Ru2+) mole

ratio sample is (3.8 + .7) x 1074,

The maximum yield in the 200:28 mole
ratio sample is 2.2 *+ .3 times that in the 200:10 ratio sample. 'In the
latfer case, air is admitted to the cuvette aftér.ébout thirty minutes of
i]]Uminatioh, andfthe'samp]e visible abgorptiOn spectrum is compared to that

before ii]umination; the concentration of RuZ"

changes by Iessvthén 2%.
The final pH is 8.5+ .1. |

| The origin of the induction.period 1s,not known. We have observed no
correfation between the.Iengthvof,the induction period and the rate of
viologen reduction in these and other experimenté with different compositions,

which suggests that residual oxygen'in the cuvette or oxidizing impurities

in the materials used are ndt the primary cause. Saturation of the reac-

'fion is probably due to increased probability for back transfer of electrons

from C7V+ to Ru3+:(see below).. Light attenuation by C7V+;and possibly

quenching of the excited state of Ru2+'by energy transfer to C7V+,also



'.contribute to saturation. c7v+ ds‘Only_s]iohtlyrso1ub1e1in’waterv(]G),

| O a Significant.fraetion‘of-the radical may'be'assooiated with‘the
ve51c1es, ‘which would cause the observed saturat1on at re]at1ve1y 1ow o
'C7V concentrat1ons |

o To‘assist interpretation of'the réSu]ts,nthe kinetic scheme of Fig.

3 is‘helpr];' The-vertica1‘1ine5-represent the inner (EDTA side) and outer .
(C7V2+'side)tvesic1e surfaces; The five states, 1abe1ed A_to_g, can be,'
COnsidered‘to 1nterconvert withhthe firsteorder rate constants kg to 34.

The oonstancy of the k's jmplies that the concentrations of the reactton:_
-partners on either side of the vesioie’wall‘dovnotdvary signifitant1y |
m_Va]ues for these rate constants cons1stent w1th the conditions. of our exper1-
ments are’ 1nc1uded?‘the1r derivation 1s_descrjbed be]ow. The processes
envisaged'are as fo]]ows?' The senSitiiing‘eXCited state of Ru (*Ru' ) is
assumed to be produced w1th nearly unity quantum yield (A > B), as ‘is the -

case for tris(2,2' b1pyr1d1ne)ruthen1um(2+) (Ru( b1py)32+) (17). '2+\

decays to the ground state (B » A) or is oxidatively quenched by C7V2+
(B > C). Back transfer of e]ectrons from C7V to Ru .(C > A) competes

hw1th e]ectron transport -across the membrane (C -~ D), wh1ch is assumed to be
3+

reversible (Q_+ C). Oxidation of EDTA»by Ru™ (D - E) is irreversible
betausehof fragmentation and addition of water, with likely (18)'products
being ethy]enedﬁaminetriaeetate;Lforma]dehyde, bicaroonate,-and protons;
Wé assume that protOns are.transported'tn the same direction as e1ectrons;
With the'steady-state approximation'that_the concentratiOns of *Ruz*v
'eand'Ru3 are very sma]], and the assumpt1on that k3 equa]s k 3, the overa11

quantum y1e1d (sequence A - E) 1s g1ven by

v
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b kgky o .
t ko kgky + Kok, + ksky

g = dact foE T T
: 0
where $pc and Oce are the yieldsrfof seQuenceé A~-Cand C~ E.
Two mechanisms for electron transport across the vesicle walls
(C > D) will be considered: 1) there is net diffusion of RSt to the EDTA

side of the membréne, and Ru2+'td the C7-V2,+ side, and i) Ru2+ on the EDTA

- side transfers an electron to Ru3+ on the C7V2+ side (e]eétron-eXchange). 

Consider the ratio of quantum yields Ope/0p Tor the two experiments

2+). If electron transport across the

with different mole ratios (PC}Ru
membrane is by diffusion of the ruthenium complex, then k3 is the first

order rate constant for diffusibn; so the quantum yield is independent of

2+ L. -
Ru™’ concentration, and

¢l
AE _
AE
If the transport mechanism is e]ectron_exchange, then k3 equals the exchange
rate constant times the concentration of Ru2+, and the ratio of quantum

yields (R) eqUaTs the ratio of Ru2+ concentrations~(f) times a fraction:

el - 2+]"!
R:..;AE:Y-.' ] : k . r:,[B_%]‘>]' [2]
AE " k2]’ |ru ]
7 1+ (r-1) dcE 1+ K

Thus the result of Fig. 2 is consistent with Eq. 2 when the fraction is
.79 + .16 (estimated uhcertainty).

- With the assumption that the mechanism is electron éxchange; we obtain

from Eqs. 1 and_21expré$sionS'f0r k2 ahd k3 in terms of the fatios;R and

r,‘¢CE,’ahd k4:



2 _ rF-R f o . , - s o
41'- R ¢CE (r - ]) S . : ’ . [3]

k3 _'*h(] ;‘R_¢CE) PR (o -1 o (41
- rR-1) ' | o

The va]ue of k4'is'estimated using the bimOlecu]ar rate constant for
reductlon of Ru(b1py)3 by EDTA (pH 8.2) (19) in aqueous so]ut1on
v (2 x 108 w751 [eoTal,
where cOncentrat1on is the local cOncentration,'that is, at the vesicle

.surfaCe The local concentrat1on of EDTA is approx1mate1y 1ts concentration

inside the ves1c1es,_ 3 M, so k4 N 6 X 10 ]

' From our exper1ments we find R 2.2 + 3 and r = 2 8 + .2. For the

f200 10 mole rat1o ve51c1es, the va1ue of ¢CE'1s est1mated by d1v1d1ng the -

4, by ¢pcs whose’

 maximum overa]] quantum_y1e]d, Opp = (3f8 j_.?) x 10
- upper Timit is';09 i;.02‘as-determined_by,standard']uminescence quenehing

: téchnidues OnlyAabOUt 25% of*quenChing eventsvbetween.phOtoeXCited
: ;Rn(bipy)3v and methy]v1o]ogen 1n aqueous solution resu]t 1n detectab]e
| ve]ectron transfer (20), so the extreme va]ues of dcg are 0046 + 0018 and
019 + 008 Thus ¢CE 1s probab]y between .02 and 004 | .

Us1ng these f1gures and eqs. 3 and 4, we est1mate k2 and k3't0'be

-1 5 —1

and 1 x ]O if a]] quench1ng events resu]t in electron

2vx_10 S

transfer. If. only one- quarter result in e]ectron transfer est1mates for -

6 -1 and 9‘x 104 ].

5

W1th1n the 11m1ts of uncerta1nty,

to 5 x 107 ]; k3 var1es “from 3 X 103 to

To comp]ete the 11st of rates 1n the k1net1c scheme we

.kz and k3 are 4 x 10

fhowever, k2 var1es from 1 x 10

f3 X 105 ]5



about .1 M. Therefore kexchv]s about 1 x 10

P

6 s'], the luminescence decay rate of Ru(b_ipy)32+ in

aqueous solution (21), so k] v 1.3 x ]os s-].

assume_k0 v 2 x 10

Although uncertainties are r&ther 1arge, the values}for ks
consistent with our data and kinetic model are several orders of magnitude
greater than diffusion (“f]ipping") rate constants for amphiphilic |
molecules across ]ipid‘bilayeh membranes:' N 10_6 s—] for PC (11);

A ]0_35-1 for cholesterol (22), and 5 1 s'] for fatty acids (5). Thus both
the rate of membrane chafge transport and itsAdependence on Ru2+ are in-
consistent with a mechanism that depends on "flipping" of the ruthenium

complex, while the dependence of Ruzf concentration is consistent with an

electron exchange mechanism.

An estimate for the bimolecular rate constant for electron exchange

(k h) 1svobtained by dividing k3 by the local concentration of Ru2+,

exc
6 M']s'], with a range of

6

4

3x 10 to3x10 ]s_].

For comparison, the rate constant for electron
3+ 9 -1

"

exchange between Ru(bipy-)32+ and Ru(bipy)3 is 2x 10 M']s in acidic

aqueous solution (23), and 8 x 10% M 1s™1 in acetonitrile solution (24)

at 25°C. P

CONCLUSION
We conclude that our results add support to evidence (1-3, 8)
that pigmented 1ipid bilayer mémbranes can tranémit electrons. Also, it
is apparent that diffusional e]ectrOthransporting molecules are not re-
quired for photosenéitjzed ejectron_transport across vesicle walls. We

have interprefed the results in terms of electron exchénge. The facility
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. w1th wh1ch tris- b1pyr1dy] meta] ion comp]exes undergo e]ectron exchange (19) -
is important in thlS model. S1nce the membrane th1ckness is about three

2+

or four times the d1am°ter of the Ru chromophore,,the.exchanged_electrons

may have to tunne].(3,6,7,25) through part of the hydrocarbon-1ike core of |
the membrane. | | | Q
y Transport of protons (or other“cations) must'accompany e]ectron

transport forpcharge neUtraiization. Our interpretation of the ouantum
yield dependence on anf'COncentratfon impItéS'that'e]ectron transport .
is the rate;determfning step; s%ncé,Rqu is not ewpectéd to affeotpproton

transport. | | o
‘ The mode] presented assumes that the phySfcal prdperties_of the

2+ mole ratios are

:'ves1c1es are not s1gn1f1cant]y d1fferent when PC: Ru
"200.10_and 200:28. However, two propert1es that cou]d differ are membrane
v_'f]uidity and degree of ]atera] phase separat1on,vboth a resu]t of chemical
differences between PC and anf. F]uidity'¢ou1d affect the‘average distance
‘between~ruthen1um chromophores in opposfngvmono]ayers; thereby affecting
the.probabi]ity.for electron exchangef"Lateral phase separation (5)-;
favored by 1ncreas1ng compos1t1ona] heterogene1ty, cou]d cauSe the appearance

of RuZ

aggregates, which is pred1cted (26,27) to make e]ectron transport
‘ aCrossithe membrane'more probable. A1though We'do not'expect-either | |
effect to p]ay an 1mportant ro]e in the present case, further 1nvestlgat1on . v
will be requ1red to determwne the actua] charge transport mechan1sm and | -

| 1t5'dependence on,membrane,parameters.
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Vesicles composed of PC and Ru

-13-

FIG. 1. Schematic of bilayer vesicle cross-section illustrating the
composition of the aqueous phases and vesicle wall for.200:10 (PC:Ru2+)
mole ratio vesicles. The composition of the membrane phase is calculated

for vesicles with ~ 250 R outer diameters.

FIG. 2. Production of hepty]vio]ogeh-radiéa] as a function of

~ cumulative number of absorbed photons for two vesicle wall compositions.

2+ 2+

, with PC:Ru mole ratios 200:10 and

200:28, are illuminated with blue light.

vFIG. 3. Kinetic model for photosensitized electron transport across
vesicle wall, with first-order rate constants. Verticle lines represent

membrane-water interfaces. RH¢ stands for EDTA minus hydrogen atom.
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