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Abstract: Fullerene anions, made by photoreduction in a lipid bilayer, produce the largest trans-membrane steady
state photocurrents yet observeds.0 uA/cm?. Since these photocurrents are not light saturated, their maximum
value is considerably larger. Dithionite was used as electron donor for its ability to reduce photoexcited fullerenes
at the donor interface on a time scale faster than 15 ns. Both photovoltage and photocurrent increase 15-fold on
adding the acceptor ferricyanide trans to the donor. There are two components to the transit time of negative charge
across the bilayer<100 ns and €us, in the 100 mM dithionit®.6 mM G,o|5 mM ferricyanide system, where

stands for the waterbilayer interface. This is strong evidence that the conduction is electronic and not diffusive-
ionic. The plot of the ratio of photovoltage for the dithion@ey system to that of the dithionit€;o|ferricyanide

system versus concentration ofo@n the lipid-forming solution is highly nonlinear. This suggests that aggregates

of the fullerene are responsible for the fast negative charge transport. The action spectrum of the photocurrent
further supports the existence of photoativg @ggregates in the lipid bilayer. These aggregates may form the
conductive path for electrons across the lipid bilayer.

Introduction membrané? However, the mechanism of electron transfer
across the planar lipid bilayer and the limits to its maximum
property of living systems and is exemplified in photosynthesis. rate were “f_‘k”OW”- The (_elec_tron donors used Inour previous
The designs of molecular systems for solar energy conversionwork_were e|_ther amphoterlc zinc deuteroporphyrin or ascorbate.
The interfacial reaction rates are 6 and89for deuteropor-

are mimics of this vectorial photoinduced charge transporta- . . . . -
tion.2 However, relatively few synthetic molecules have been phyrln and ascorbate, respectivélySince this is the time range

shown to transport charge across a lipid bilayer efficiefithy. n Wh'ihdgon'cf d{ffus_lvte fanq Ielectr;_)mc condduct_lond CaS _be
With the recent success in producing macroscopic qua\ntitiesS".ap.""ra.e , a laster interlacial reaction was desired.  Using
of Ceo and Gy fullerene molecules, many properties of these dithionite ion as electron donor, the interfacial electron transfer

: 13 : .
supermolecules have been determined. Since the photophysicgme was found_ to be<15 ns:® Therefore, it was pO.SS.'bIe. to

of fullerene molecules resembles that of porphyrins and the study the transit time of charge transfer across the lipid bilayer
fullerenes have low reduction potenti&fsthey are expected and the mechanism of charge transfer. Herein, we report the

to have interesting charge-transfer chemistry in both the groundphotovoltage and photgcurrent measurements on th? new
state and the excited states. Electron transfer from various3YStems and present evidence that the charge transfer is most

amine&9 and semiconductor colloidto photoexcited singlet likely by electronic conduction mediated by fullerene aggregates.

and triplet Go has been reported. Previous work in our
laboratory has shown that botld@and Go embedded within a
lipid bilayer can act as efficient electron acceptors from electron A DPPC (1,2-diphytanoysn-glycero-3-phosphocholine, Avanti Polar-
donors at the interface. Further, the fullerenes can also lipids, Inc.) planar lipid bilayer was formed across a 0.8 mm diameter
efficiently transport negative charge completely across the hole in a thin Teflon sheet WhiCh.d.iVidgd two aqueous compartrﬁénts..
% Abstract published iddvance ACS Abstractgune 1, 1996 The_ photovoltage across the_llpld b_|Iayer h;_;\_s been mea_sured with
(1) Photochemical Energy Coersion Noris, J.’R., Méisel, D Eds.: platinum electrodes and a differential amplifier (Tektronix Model

Electron transport across lipid membranes is a fundamental

Experimental Section

Elsevier: New York, 1989. P6046, 1 M2, 100 MHz) and recorded on a digital oscilloscope
(2) Lymar, S. V.; Parmon, V. N.; Zamaraev, K. Top. Curr. Chem. (Tektronix TDS540). The data were transferred to a HP Vectra PC-
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(4) Seta, P.; Bienvenue, E.; Moore, A. L.; Mathis, P.; Bensasson, R. V.;

Liddell, P.; Pessiki, P. J.. Joy, A.. Moore, T. A.: Gust, Bature 1985 by an operational amplifier (time constant50 ns). The input electrode

316 651. was on the acceptor side. When a voltage was applied, the stated sign
(5) Seta, P.; Bienvenue, E.; Maillard, P.; Momenteau,Motochem. was on this side. It must be noted that the voltage measurements in
Photobiol 1989 49, 537. the asymmetric systems are only possible because of the limited

(6) Haufler, R. E.; Conceicao, J.; Chibante, P. F.; Chai, Y.; Byrne, N. impedance (1 M2) of the voltage amplifier. The RC time of the system

E.; Flanagan, S.; Haley, M. M.; O'Brien, S. C.; Pan, C.; Xiao, Z.; Billups, ; Fhoi [P
W E.. Ciufolini, M. A.: Hauge, R. H.: Margrave, J. L : Wilson, L. 3. Curl, is 4 ms. If a high-impedance>(LO0 MQ) amplifier is used, the dark

R. F.. Smalley, R. EJ. Phys. Chem199Q 94, 8634. voltage rises to >100 mV with the asymmetric system

(7) Allemand, P.-M.; Koch, A; Wudl, F.; Rubin, Y.; Diederich, F.; dithionite/Crolferricyanide and breaks the membranes. Thus the voltage
Alvarez, M. M.; Anz, S. J.; Whetten, R. lJ. Am. Chem. Sod 991, 113 measurements are carried out on partially polarized systems. The
1050.
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Table 1. Photoelectric Properties of;6£in a DPPC Bilayer 20.0
Membrane with Dithionite as Donor and Different Acceptors
acceptor — AQS'™ Fe(CN)}*~ MV?T S0 16.0
pulsed light S
Va2, mV 1.7 3.2 19.0 3.7 E
s us 0015 0015 0015  0.015 w leet
Vinad®?, mV 1.1 2.1 13.3 2.6 &
tl/gyriseSIOW, us 30 30 30 30 S
—40 mV S 8.0 |
Imad®st MAP 30 160 420 400 390 =
t12,decald™, us® 0.1 0.1 0.1 0.1 0.1 z
Imar'®%, (A <0.02 0.17 0.32 0.18 0.15 4.8 |-
tllz,deca)S/IOW, us 6 7
continuous light
lgarks NA <001 05 16 0.8 0.8 a2 XE N5 T m Y 18
Ilightn nA 2.3 3.0 20.0 1.5

TIME (us)
“ The bilayer forming solutions contain 0.6 mMdIsaturated) and  — Figyre 1. Photovoltage rise across a planar lipid bilayer. The bilayer

the concentration of donor dithionite is 100 mM (saturated) for all formin ; ; ; .

- pel . g solution contains 0.6 mM+# (a) Sodium dithionite is added
2%?&?2::& :'al'thg'g’cgt'agtr? (; Szcélur;[qlmsrg;&ocgggwrhéa; ?1 SM v\\f dtﬁ rSuI sed 0 the positive electrode side at 100 mM. (b) Ferricyanide (5 mM_) is
light is at 532 nm and saturated at 0.1 mJ. The continuous light is 30 2dded to the trans compartment of (a). The aqueous phase consists of

mW/mn? at 532 nm, not saturatinThese currents contain a 1M NaCl, 10 mM Hepes, pH 8.3, and is deoxygenated enzymati€ally.

contribution from the interfacial displacement curre@dV/dt. ¢ The The excitation wavelength is 532 nm (100, 7.5 ns, 1 Hz). Each trace
time constant of the system is Qu$ because of the access resistance is an average of 32 pulses. A lipid bilayer containing Yields a similar
and membrane capacitance. result.

current measurements are under “short circuit” conditions (voltage (Table 1) suggests that this component is a voltage-induced
clamp at zero voltage) and so are responses to the polarized state. Thgolarization, possibly at the Pt electrodes, since it is not seen
pulsed |IIl_Jm!nat|0n is from a Continuum Nq:YAG laser, Surelite 10 the voltage clamped current measurements. The photovoltage
(0.1 mJ incident on the bilayer, pulse width 7.5 ns, 1 Hz), at @ o yhe acceptor interfacd/f) was measured as a control in the
wavelength of 532 nm, except as otherwise specified. The continuous |Crdlferricyanide system in the absence of dithionité,shows

excitation at 532 nm is from an arc-lamp excited Nd:YAG Laser. The | . ith half-ti ith . litud
dependence of steady-state photocurrent on wavelength was measure@t SIOW rise with 3Q«s half-time, with a maximum amplitude

by using a xenon arc lamp with interference and blocking filters as the <0-5 mV. This is about 40 times less than the photovoltage
light source. Intensities were determined with a Sci Tech thermopile. @mplitude when both acceptor and donor are present. Vhus
The bilayer-forming solution contains 0.6 mM,¢(Materials and contributes very little to the total photovoltage and a fast transfer
Electrochemical Research Corp.) for the standard experimegsva of charge across the bilayer is apparently responsible for the
also used with similar results, but the stronger absorption;efiChe large increase in photovoltage.

vis.ible. region_fesulted in larger signals. Sodil_Jm dithionite (F?sher To study the dynamics of the donor interface reaction, the
icele;(;lﬂgéﬁsrlcféer;]jp%r:%ee)n\tNZts fgg‘i?’\;o ;?13 ?)%?g's"s?uﬂ]efé:ﬂgsa??d‘zc?s photovoltage rise time was measured as a function of the

y concentration of dithionite. Detectable photovoltage (0.1mV)

mM, Mallinckrodt, Inc.), the electron acceptor, was added to the trans dithioni . £5mM. The ri .
compartment as specified. Solutions were deoxygenated with ghicose appears at a dithionite concentration of 5 mM. e rise time

glucose oxidasé of the photovoltage is<15 ns even at this weak, initial signal.
Increasing the concentration of dithionite to 100 mM only
Results and Discussion increases the amplitude of both the fast and the slow photo-

. voltages with a half saturation 6£30 mM, but does not change

The major results of the photovoltage and photocurrent {hejr rise times. This result is in strong contrast to the dynamic
measurements are summarized in Table 1. Dithion#®s5,  reaction kinetics usually observed in similar systéfnsThe
was selected as donor, and several acceptors, anthraquinongsmmon explanation of static kinetics is a preformed complex
2-sulfonate (AQS), methyl viologen (MV"), and ferricyanide  of reactants, but considering that the dithionite ions are in the
(Fe(CN)*"), were utilized. Since the most efficient acceptor 4queous solution and the fullerene molecules are in the lipid
is ferricyanide in both pulsed and continuous excitation experi- membrane, it is hard to imagine that complexes can be formed
ments, the discussion below will focus on the results with the panyveen them. One possible explanation is that the fast
standard system, 100 mM dithiorjlle6 mM GyolS mM ferri- photovoltage rise is caused by the excitation of dark reaction
cyanide, all at saturating concentrations. Data with other donors generated fullerene anions;&, driving electrons further into
and the above acceptors can be found in our previous publica-or even across the membrane. The second and third reduction
tion.!3 potentials of fullerenes in C}&l, areE%,,/c,2- = —0.76 Vsce

(1) Photovoltage Measurement. The photovoltage at the  zng E%,2 /e, = —1.17 Vsce , respectively, so further
donor interface () in the dithionit¢Cro| system shows a rise  reduction of Gy~ on excitation is possible. However, the
time of <15 ns (Figure 1a). The compartment with dithionite = steady-state photocurrent action spectrum shows strong evidence
is positive showing that the fullerene is reduced. On adding against activity of Gy~ (see below and Figure 5). This indicates
ferricyanide to the opposite (trans) side as acceptor, the that the photoionization of 5~ or C;¢>~ is not the reason for
photovoltage dramatically increased by a factor of 15, but the the photovoltage rise time of 15 ns. Dithionite ion dissociates
rise time remains the same as before (Table 1 and Figure 1b).into the highly reactive S© ion radical K = 1.4 x 10~ M16)
A component of somewhat less amplitude with a rise time of and the unicharged negative ions S@nay penetrate into the
30 us (Table 1) similarly increases on adding trans acceptor. polar region of the membrane and thus allow a fast reaction

The constancy of both the decay time and the ratio of its with the excited fullerene. The concentration of S@ill only
amplitude to that of the fast signal (0.680.02) for all acceptors

(16) Hammarstrom, L.; Berglund, H.; Almgren, NL. Phys. Chenml994
(15) Benesch, R. E.; Benesch, Bciencel953 11, 447. 98, 9588.
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Figure 2. Photocurrent trace observed from planar lipid bilayers Figure 3. The decay rate constant of the slow photocurrent component

containing 0.6 mM & in the lipid solution. (a) Sodium dithionite (100  is plotted versus the concentration of the acceptor ferricyanide. The

mM) is added to one aqueous compartment. The positive photocurrentopposite compartment contains 100 mM dithionite and the lipid

is electron flow from the dithionite side. (b) Ferricyanide (10 mM) is membrane forming solution contains 0.5 mM,C

added to the trans side of (a). An expanded scale of the slow component

in (b) by fiIterin_g tp 1 MHz is shoyvn in the inset on a slower time  time. About all (ferricyanide) td/s(methyl viologen) of the

scale. The excitation wavelength is 532 nm (WDincident on the 544 ¢ component can be accounted for byQiidt response,

bilayer, 1 Hz). Each trace is an average of 16 pulses. A similar signal . . . .

is obtained with a membrane containingeC with the membrane capacit§ = 4 nF, from the interfacial
charge transfer. Some of this response is a fast charge transit

increase as the square root of0g~ concentration and may .y rrent (see below).

even saturate at the high concentrations #,5 because of . . o
many side reactions of these species, e.g. tetrathionate formation, !N the symmetric system with 100 mM dithionite present on
(2) Photocurrent Measurements. Photocurrent measure-  POth sides of the bilayer, 100 mM dithionji@o/100 mM
ments show more evidence of fast charge transport, a|thoughd|th|on|te, a photocurrent can also be observed when a voltage
with lesser time resolution. In the dithioni@y| system without ~ gradient is imposed. The photocurrent again is composed of a
acceptor, the photocurrent shows a fast rise and decay with anfast component with the system response time and a slow
instrument limited response time efL00 ns (Figure 2a). The  component of %s lifetime (Table 1). This time matches very
negative current flows toward the acceptor compartment. On well that of the dithionitéCyq|ferricyanide system and provides
adding 5 mM ferricyanide as trans acceptor, dithid@g|fer- strong support that it is a charge transit time. Both fast and
ricyanide, the amplitude of this fast current is increased by a slow components of currents are linear in imposed voltage, but
factor of 11 to 15 (Figure 2b), similar to the 15-fold increase there is an offset in the current between negative and positive
of the photovoltage amplitude by the trans acceptor. In addition, voltage. This offset can be explained by the polarization of
a small component{5%) of 6 us half-life appears (Figure 2,  the hilayer membrane. The life time of the slow photocurrent
inset, and Table 1). Since this slow component of photocurrent component was measured with voltage gradients freB0 to
only occurs after the addition of trans acceptor, it can be related 4 go my for the symmetric system. The decay times7 does
to either the acceptor interfacial reaction or the transmembrane, change with the voltage gradient. If the transit time were
current. The latter implies that_the charge transport across theyetermined by the movement of the fullerene anion, an increase
bllaygr IS slower.than the reaction at the acceptor mterche, SO \ith decreasing electric field would be expected. Given the
that it must be independent of the concentration or kind of short time, the conduction is more likely to be electrffitn

acceptor. Since the amplitude of the slow photocurrent that case the rate-determining step may be the rearrangement

component is very small compared to the fast one, the signal- . .
to-noise ratio of the former was improved by filtering to 1 MHz. of the fullerene aggregates (see below) in setting up the electron
hopping that constitutes the overall transit time.

The results of varying the acceptor concentration are shown in
Figure 3. They-axis represents the decay rate constiarithe The steady state photocurrent was measured using both a 532-
finite rate constant at zero ferricyanide concentration is causednm cw laser (3 W/crf) and a xenon arc lamp with interference

by the glucose oxidase used to remove oxygen. It has beenfilter (540 &+ 6 nm, 10 mW/crfd). The observed photocurrent
shown to be a weak acceptor in the fullerene systeth.The for the 100 mM dithionit¢d.6 mM G5 mM ferricyanide

rate constant increases linearly with ferricyanide concentration, system is 20 and 0.13 nA, respectively (Table 1). At a laser
and abruptly saturates beyond 3 mM. The function is much power close to 10 W/ch a current at 60 nA was observed,
sharper than the usual hyperbolic saturation of a linear systemstil| showing no evidence of saturation. The estimated quantum

and indicates changing gradients and fluxes as the acceptokjie|d of transmembrane photocurrent is 0:86.02 assuming
concentration increases. An ohmic, not electronic, conductanceinat the Gy-to-lipid ratio in the decanetoluene solution remains

is observed in the dark, and polarization currents can be detecte
on removing applied voltages. A similar saturation is seen for
the a_mplltude of this slow component of photocurrent, but the previous finding of 0.04 for the 100 mM ascorbitd mM
amplitude of the fast component of the photocurrent whose M€~ 53 mM AOS svster?

time is instrument limited remains constant at all the ferricyanide 70/0.3 MM AQS systent:

concentrations. Since the current amplitude varies between (3) Transit Times and Fullerene Gradients. The nano-
individual membranes, the ratio of signal to noise is poorer than second charge transit time is proof of electronic conduction.
that of the kinetics shown in Figure 3. The saturated rate, with However, in addition to extremely fast and thus electronic charge
a half-time of 6us, thus represents a membrane charge transit conduction, one must consider the possibility that the added

qJnchanged on forming the bilayer and using known values of
absorption cross section of;& This result is similar to our



5794 J. Am. Chem. Soc., Vol. 118, No. 24, 1996 Niu and Mauzerall

acceptor has changed the distribution of fullerene in the bilayer. 20

The dithionite is a strong enough don@&’§c2-/s,02 = —1.36
Vscet’) to reduce Gy molecules E%c7oic7e— = —0.43 Vs 19
in the dark, let alone reduce the triplet stee¢,yc,,. = +1.14 15

Vscet?19) in the light. This was verified by the observation of
dark current in the steady state measurements, which was <
negligible in the absence of acceptors (Table 1). The small =, 1
photocurrents seen in their absence are caused by the glucose>g
oxidase deoxygenation system which acts as a weak acceptor.

In the absence of acceptor, the concentration ratio of fullerene 5
and its anion will be about the same at both interfaces. The
addition of trans acceptor causes a dark current and a possible
gradient of the fullerene anion across the bilayer with a lower 0
value at the acceptor interface and a complementary gradient 0 0.2 04 06 08 !

of the neutral fullerene. This may increase the photoactive (Crol, mM

neutral fullerene at the donor interface and cause increase inFigure 4. The ratio of photovoltage of the 100 mM dithiori@&o|5

the interfacial and trans membrane charge transfer on pulsed™M ferricyanide system\may) to the 100 mM dithionitfCo| system
ilumination. Because of the large difference in redox potentials, (V) in the same membrane is plotted versus the concentration of
a large fraction of the fullerene may be reduced in the dark, SN the lipid-forming solution. The data error at lowdConcentration
with a correspondingly large change in the relative amount of 'rséf\llgg Svrgfi‘g'tig:ei;elfﬁgegsl?rggﬁtgrzog?t gggogﬁgci:%aégn g;?é
reactive fullerene w_hen_ the acceptor is adde_d trans. An anaIyS|saggrega,[es_The excitation is 532 nm (10D 1 Hz).

with steady state kinetics for the dark reactions shows that the

concentration of neutral fullerene at the donor interface will

increase with high concentrations of acceptor for many values i, dithioniteCzo| system in the same membrane is plotted vs

of rate constants. Cro concentration in the lipid solution, this normalization reduces

There are two strong arguments against this view that a e yariation (Figure 4). At low & concentration, 0.05 to 0.1
change in the interfacial concentration ofy@ responsible for mM, the photovoltage in the presence of trans acceptor

the Igrge increase in charge transfer on adding a trans acceptorferricyanide is twice that in the absence of acceptor. The
One is that the charge transfe_rreq as measurelth byof t_)oth __photovoltage ratio increases gradually from 0.2 mbd o/

fast and slow components is independent of ferricyanide \;/ — )5 0.4 mM Go (Vo_a/Vo = 4) and jumps to 15 3 at
concentration. Thus it represents a constant amount of photo- o 5 mm Gy, in the lipid solution. The nonlinearity suggests
generated charge at the donor interface which is possible onlyy,.¢ fierene aggregates become more fully connected in the
if the Cro concentration is relatively constant. The second pjjaver membrane when thezoncentration in the lipid bilayer
argument concerns the similarity between the response withg high enough, i.e>0.5 mM. These aggregates would be very
the acceptors ferricyanide and methyl viologen. These com- gficient in transporting the charge from donor interface to

ponds have standard redox potentialstdf.16 and—0.64 V acceptor interface by electron hopping between the molecules
vs SCE. Thus one would expect the effect of methyl viologen ;. e aggregates.

on Gy to be far less than that of the oxidant ferricyanide. Spectral evidence was found byBensasson &2 fir ag-
Although the photovoltage is a factor of 5 less, the photocurrents S
are esgentiaIIF;/ the samge (Table 1). A further argument is the gregates of & n I|posom_e_s and by Su_n and Bun%elfo_r_
L . ) . ...~ aggregates of fg in acetonitrile-toluene mixtures. In the lipid
S|m|Iar|_ty_ of the photocurrents in the symmet_r ical system W'th bilayer, Go can be thought of as dissolved in a fatty acid ester.
a pc_)lar|2|_ng voltage (40 mV) to that observed in the asymmetric At both interfaces, there is water diffusion into the bilayer to
ferricyanide system (32 mV total, Table 1), even though the some extent. Ethyl acetatevater mixtures can be utilized to
redox properties of the two interfaces can hardly be more mimic the Go environment in the lipid bilayer. At a G
different. We conclude that the majority of the fast current concentration of 2QiM, the reddish orange solution in ethyl

component is a trans-membrane current_wnh ransitiel - ,oetate (as in toluene) dramatically changes to pinkish purple
ns and likely <15 ns. Note that a polanzat!on effgct of th.'s when 1% water is added. The absorption spectrum of this
Kind may be seen in th'.e symmetric system in continuous light mixture is obviously different from that in pure ethyl acetate
(Tablg 1) where the ratlo_of currents in th_e light to that in the and the two spectra are compared in parts a and b of Figure 5,
dark is smaller than that in the asymmetric systems. . respectively. Strong evidence for the photoactivity of the
(4) Ev@ence for Active Fullerene Aggregates. Experi- fullerene aggregates in the lipid bilayer is obtained from the
mental evidence for fullerene aggregates comes from IC’ho'[o'measurement of the steady-state photocurrent as a function of

voltage measurements at differerp€oncentrations in the lipid excitation wavelength. The normalized photocurrents of the 100

solution. Earlier measurements showed an “S” shaped response . 1 dithioni ; :
. a ithionitel C79|5 mM ferricyanide system are plotted vs the
of photovoltage in the 30 mM ascorbiffg0.2 mM AQS illumination wavelength for the same photon flux in Figure 5

systgm,lgvith increasingﬁgoncentration in the Iipiql bilfayer (shown by+). They are compared to the absorption spectrum
SOIU“S“' Hov&ivg_:c,rth_e variation bettwt(_een necesstardn%dlffe_rent of Cyin the ethyl acetate (Figure 5a) and in the ethyl acetate
membranes with dittering ﬁco_ncen ration prevented orawing -, ater mixtures (Figure 5b). It can be seen that the photocurrent
a strong conclusion. If the ratio of the photovoltage of the fast plot is closer to the absorption spectrum of,@ the ethyl

(17) Lide, D. R., EACRC Handbook of Chemistry and Physig8rd acetate-water mixture, where the spectral changes suggest that

ed.; 1992-1993; p 8-21.
(18) (a) Dubois, D.; Kadish, K. M.; Flanagan, S.; Haufler, R. E.; Chibante, (20) Bensasson, R. V.; Bienvenue, E.; Dellinger, M.; Leach, S.; Seta, P.

max

component in the dithionit€o|ferricyanide system to that of

L. P. F.; Wilson, L. JJ. Am. Chem. S0d.991, 113 4364. (b) Dubois, D.; paper abstract No. 1227, p 207, presented at the 185th Meeting of the
Kadish, K. M.; Flanagan, S.; Wilson, L. J. Am. Chem. S0d.99], 113 Electrochemical Society, San Francisco, CA, May-2Z, 1994.
7773. (21) Sun, Y. P.; Bunker, C. ENature 1993 365, 398.

(19) Arbogast, J. W.; Foote, C. S.; Kao, NIl. Am. Chem. Sod 991 (22) (a) Drain, C. M.; Mauzerall, DBiophys. J.1992,63, 1544. (b)

113 2277. Sun, K.; Mauzerall, DBiophys. J In press.
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s 1 V1), an internal membrane thickness of 5 nm, a viscosity
of 10 P, and a trans membrane voltage of 10 mV, resulting in
a minimum transit time of 3Qus. The electrostatic (Born
charging) energy of the ion in the hydrocarbon core of the
membrane will add a considerable barrier to this crossing time.
Our measurements show that the bilayer internal transit time
of similar sized tetraphenyl borate ions i81 ms2?2 The
photovoltage and photocurrent measurements discussed above
have shown strong evidence that the transit times of charge
transport across the lipid bilayer ard 00 ns and~6 us. These
short transit times indicate that the dominant charge transport
is an electronic conductance. Attempts to independently verify
electronic versus diffusive conductance by using a lipid below
its gel transition temperature were frustrated by membrane
instability (Hwang and Mauzerall, unpublished).

The interfacial electron transfer from donor to excitegh C
can occur in less than 15 ns with a sufficiently reactive donor,
dithionite (Figure 1). Both the photovoltage and photocurrent
increase markedly when an electron acceptor is added to the
trans membrane side (Figure 2). Thus efficient charge transfer

00 . . . is occurring completely across the lipid membrane and the transit
400 500 600 700 800 time is <100 ns and could be<15 ns, fully justifying an
Wavelength (nm) . . . :
electronic as opposed to a diffusive mechanism of conductance.
Figure 5. The steady state photocurrent normalized at 470 nm of the  The Jinear relationship between the rate constant of the slow
100 mM dithioniteCr|5 mM ferricyanide system is plotted as afunction -, mnanent of the photocurrent and acceptor concentration
of excitation wavelength+) for equivalent photon flux. The output followed by its saturation at high concentration indicate that

of a 150-W xenon arc lamp with interference and blocking filters is . .
used as the light source: (a) the absorption spectrumygnCethyl this saturated rate is a charge transfer rate across the membrane
(Figure 3). Thus this charge transit time is 4. The

acetate, (b) the absorption spectrum ef i@ ethyl acetate-water (1%) ! o .
mixtures, and (c) the absorption spectrum af C(Gorum, private photocurrent of the symmetric system, dithiof@g|dithionite,
communication and ref 23), all normalized at 470 nm. driven by imposed voltage, shows the same transmembrane

transit times further supporting this conclusion. The indepen-
fullerene aggregates were formed. This result strongly supportsdence of this time with applied voltage indicates a possible
the existence of ¢ aggregate in the lipid membrane in the 100 rearrangement time in the activedaggregates. Possibly this
mM dithionitg0.6 mM G5 mM ferricyanide system and also  fraction of the aggregates is smaller than the fast fraction and
shows that the aggregate is photoactive. The data shown inrequires movement or anothergdo cross the bilayer.
Figure 4 support the view that these aggregates transport charge The strongly nonlinear dependence of the ratio of photovolt-
across the lipid bilayer not only very fast but also very age in the presence of trans acceptor to that in its absence
efficiently. The absorption spectrum of,€ is also shown in suggests that aggregates gb@re responsible for the efficient
Figure 5&3 and the G¢2~ anion is even more highly absorbent transport of charge across the membrane (Figure 4). At a critical
in the 400-nm region than that of€ (not shown). Therefore,  concentration the aggregates form a conductive path across the
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these anions clearly contribute little to the photoactivity. bilayer. The variation of steady-state photocurrent with the
_ excitation wavelength shows an action spectrum plot closer to
Conclusion the absorption spectrum of,§£aggregates in the ethyl acetate

There are two kinds of charge transfer mechanism across ar20 mixture than the absorption spectrum b @olecule in
lipid bilayer: electronic and diffusive ionic conductances. As €thyl acetate or that of fullerene anion (Figure 5). This provides
argued beforé? an observed charge transit time sfLO us strong evidence of the existence of photoactiye dggregates
would be evidence for electronic conduction and a much shorter IN the lipid bilayer. Fullerene aggregates can thus rapidly and
time would constitute proof of this mechanism. This argument Efficiently transport charge across the lipid bilayer.
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