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Ultrathin polypeptide multilayer films are assembled by the sequential electrostatic adsorption of monolayers of
poly-L-lysine and poly:-glutamic acid onto carboxylic acid terminated alkanethiol-modified gold surfaces. The
polypeptide multilayer films are hydrophilic, can incorporate electroactive species such as ferri/ferrocyanide, and are
stable when immersed in organic solvents such as 1,2-dichloroethane. Cadmium selenide quantum dots stabilized by
negatively charged citrate groups are electrostatically attached to the multilayer film assembly in order to act as
photoactive species. Photocurrent responses originating from the CdSe sensitized ultrathin multilayer film are investigated
as functions of the applied potential, the thickness of the film and the presence of quenchers in the organic phase.
A theoretical model is proposed in order to analyze the kinetics of the photoinduced electron-transfer reactions and
to probe the potential distribution within the film.

1. Introduction also called quantum dots (QDs), present unique optical, electrical,

In the past decade, considerable effort has been devoted to th@nd magnetic pr9|206ertie§, which can be tuned by varying the
fabrication of novel ultrathin films featuring various functionali- nanoparticle siz&:"?°The incorporation of QDs inside multilayer
ties12 An interesting approach to the fabrication of multilayer films therefore provides a novel approach to the fabrication of
ultrathin films is the sequential layer-by-layer deposition of Photoactive modified electrodes. . .
oppositely charged polyelectrolytes. This method was first In @ recent publication, we showed that various porphyrin
proposed by Decher and co-workkrs by extending the species could be self-assembled onto multilayer films from
pioneering work of ller et & The thickness of the films obtained solution?” Photocurrent responses similar to those obtained at
with this technique can be easily controlled at the nanometer the liquidliquid interfacé®~3°were observed in the presence of
level by varying the number of adsorbed polyelectrolyte the electronacceptorggand tetracyanoquinodimethane (TCNQ)
layers®~12 Layer-by-layer deposition can be extended to a wide in the organic phase. The incident photon to current conversion
variety of other interesting charged materials, such as dendrim-éfficiency for this type of cells is of about 0.02% at 0 V, which
ers13 light-emitting polymers# and metallié56 or semicon- corresponds to a quantum efficiency of 0.15%%' These modest
ducting material$’ The possibility to use colloidal nanoparticles ~ Performances reflect the low charge carrier efficiencies of the
as building blocks in these films has recently been demonstra-immobilized redox ions. On the other hand, 3-D architectures

ted16-20 Semiconducting nanoparticles composed of elements 0f metallic particles could be obtained by alternatively depositing

from the periodic groups HVI (CdSe, CdS, CdTe, ZnSe, ...),
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* To whom correspondence should be addressed. Fdlt 21 693 3151.
Fax: +41 21 693 3667. E-mail: hubert.girault@epfl.ch.

(1) Decher, G.; Schlenoff, J. Blultilayer assembly films: Sequential Assembly
of Nanocomposite Materigl$Viley-VCH: Weinheim, Germany, 2003.

(2) Tripathy, S. K.; Kumar, J.; Nalwa, H. Slandbook of polyelectrolytes and
their applications American Scientific Publishers: Steveson Ranch, CA, 2002;
Vols. 1 and 3.

(3) Hammond, P. TCurr. Opin. Colloid Interface Sci200Q 4, 430.

(4) Decher, G.; Hong, J. Ber. Bunsen-Ges.-Phys. Chem. Chem. P1§81,

95, 1430.

(5) Decher, GSciencel997, 277, 1232.

(6) Decher, G.; Hong, J. D.; Schmitt, Thin Solid Films1992 210, 831.

(7) Decher, G.; Eckle, M.; Schmitt, J.; Struth,®urr. Opin. Colloid Interface
Sci. 199§ 3, 32.

(8) ller, R. K. J. Colloid Interface Scil966 21, 569.

(9) Lvov, Y.; Haas, H.; Decher, G.; Mohwald, H.; Kalachev JAPhys. Chem.
1993 97, 12835.

(10) Lvov, Y.; Ariga, K.; Onda, M.; Ichinose, I.; Kunitake, Tangmuir1997,

13, 6195.

(11) Bouldemais, F.; Schwihtd®.; Gergely, C.; Voegel, J. C.; Schaaf, P.
Langmuir2002 18, 4523.

(12) Cheng, Y. F.; Corn, R. MJ. Phys. Chem. B999 103 8726.

(13) Kabanov, V. a.; Zezin, A. B.; Rogacheva, V. B.; Gulyaeva, Z. G;
Zansochova, M. F.; Joosten, J. G. H.; Brackmaridcromolecules999 32,
1904.

(14) Onoda, M.; Yoshino, KJ. Appl. Phys1995 78, 4456.

(15) Pastoriza-Santos, |.; Koktysh, D. S.; Mamedov, A. A.; Giersig, M.; Kotov,
N. A.; Liz-Marzan, L. M.Langmuir200Q 16, 2731.

(16) Hao, E. C.; Lian, T. QChem. Mater200Q 12, 3392.

(17) Kotov, N. a.; Dekany, I.; Fendler, J. Bl. Phys. Cheml995 99, 13065.

(18) Cassagneau, T.; Mallouk, T. E.; Fendler, JJHAmM. Chem. S0d.998
120, 7848.

10.1021/1a0611561 CCC: $33.50

layers of polycations and citrate-protected gold nanopar-
ticles1931.32 Particle densities of the order of 30% could be
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ease of preparation of the multilayer assembly. Citrate-stabilized
QDs provide a promising approach to this problem, as their
photoreactivity appears unaffected by their adsorption onto the
film (see section 2.4). Furthermore, these nanoparticles can be
used not only as sensitizers but also as structural elements of the
electrostatic assembly. Preliminary results from our group reveal
that 3-D architectures containing several layers of QDs exhibit
excellent light energy conversion. However, several questions
concerning this system remain to be addressed in order to optimize
the efficiency. The purpose of the present paper is to employ
CdSe particles as probes to analyze the potential distribution
inside polyelectrolyte multilayer films. We shall demonstrate Wavelength /nm
that most of the potential drop between the gold substrate andFigure 1. Absorption (solid line) and emission (dotted line) spectra
the electrolyte solution is concentrated within the first five ©f an agueous colloidal CdSe QDs solution. The emission was
olvelectrolvte lavers. recorded after excitation at 442 nm. Absorption spectrum of the
poly yte lay L .. CdSe QDs adsorbed onto 3 layers of pLys and pGlu (dashed line).
We have recently shown that the excitation of mercaptosuccinic The deposition time was 1 h.
acid stabilized CdSe nanoparticles assembled at the \igter

dichloroethane (DCE) interface resultsin_efficient heterogeneousacetone and purified water followed by drying under a stream of
electron transfer to acceptors located in the adjacent fRase. Argon. The gold films (100 nm) were prepared in an Edwards Auto
This electron-transfer manifests itself as photocurrent responses306 evaporator operating at a pressure less thad& ¢ mbar. The
under potentiostatic conditions. The photoinduced process wasfilm growth was initiated by the thermal evaporatidrad. nmthick
analyzed in terms of a kinetic model based on our previous work chromium (99.99%, Balzers) layer on the glass slide@t nm s*

at porphyrin sensitized liqujtiquid boudarie$435 We shall to enhance the adhesion of the Au layer. Gold (99.99%, Balzers)
demonstrate that the dynamics of photoinduced electron-transfeVas subsequently evaporated<0.1 nm s* up to 5 nm, before
reactions in CdSe sensitized polyelectrolyte assembly can peincreasing the deposition rate to 6:2.3 nm/s for the deposition of
analyzed by a similar kinetic modeling. Photocurrent transients a 100 nm layer.

ded at vari diti f lied potential and i 2.3. Film Preparation. The gold substrates were initially modified
are recorded at various conaitions ot applied potential and im iy 5 self-assembled monolayer of thiol by immersion into an

thickness. The rates of electron transfer across the film, as well gthanolic solution of 168 mol drm3mercaptoundecanoic acid (MUA)
as that of charge recombination and coupled reactions, arefor 12 h. Loosely bound thiol molecules were removed from the
extracted from the photocurrent data using a relatively simple surface by rinsing successively with ethanol and water before drying
kinetic model. the electrode under an argon stream. The preparation of polyelec-
trolyte multilayer films is based on the method described in detalil
2. Experimental Section by Corn and co-workerg:38Solutions of pLys (1 g dm?) and pGlu
. . (1 g dn13) were prepared in a phosphate buffer at pH 8.4. The
2.1. ChemicalsAll reagents used were of analytical grade. Poly-  mfilayer polyelectrolyte films were prepared by the sequential
L-lysine (pLys;M,, = 30 300) and poly-glutamic acid (pGluMy dipping of the MUA-modified gold electrode into alternating solutions
= 40 000) were purchased from Sigma. 11-Mercaptoundecanoic o 1) vs and pGlu for 15 min, starting and ending with a pLys layer.
acid (MUA) and ferrocene were purchased from Aldrich. Potassium pq deposition time of 15 min was assigned from Kelvin probe
ferricyanide (K[Fe(CN]), potassium ferrocyanide (kFe(CN)]), measurement&.Between each dipping, the surface was rinsed with
disodium hydrogen phosphate @i#Q;-2H,0), sodium dihydrogen — wsijjinore water and blown dry under an argon stream. Incorporation
phosphate (NagPOs-H-0), and bis(triphenylphosphoranylidene)  f ferrifferrocyanide ions into the film was carried out afterward by
ammonium chloride (BTPPACI) are Fluka products. Lithium —ginning the multilayer film in a solution of ferrocyanide and
tetrakis(pentafluorophenyl) borate (LiTPFB) was purchased from ferricyanide 1063 mol dnt3in phosphate buffer (pH 5.6) for 15 min,
Boulc_ier Scientific. 1,2-Dichloroethane (DCE, Aldrich) and eth_anol followed by the rinsing and drying procedure described above.
(Aldrich) were used as solvents. The supporting electrolyte in the b\ o0 trolyte multilayer films ending with a layer of pLys feature
organic phase was bis-(triphenylphosphoranylidene) ammoniumtet-, itively charged surface appropriate for the adsorption of citrate
rakis (pentafluorophenyl) borate (BTPPATPFB), whichwas prepared g5 pijizeq QDs. CdSe QDs were electrostatically attached to the
as previously reporte®.All aqueous solutions were prepared with ) v 1o dified electrode surface by introducing the film into the
purified water from a Milli-Q 185 system. Finally, citrate-stabilized i 0idal cdse solution for 1 h, followed by rinsing and drying.

cdse qua7ntum dots were prepared according to a reported " 4 cparacterization of the CdSe QDsTransmission electron
proceduré’ In a typical synthesis, 0.05 g of trisodium citrate and microscopy (TEM) was used to analyze the size of the prepared

2 mL of cadmium perchlorate 0.04 mol déwere added to 45 mL : .
) ) . .. nanoparticles. The TEM images reveal that the CdSe QDs have a
of water, and the pH was then adjusted to 9.0 with sodium hydroxide. quasi-spherical shape with an average size around 2.5 nm. The

The solution was bubbled with nitrogen for 10 min, before the addition ) ‘o .
: y . absorption and emission spectra of the aqueous colloidal CdSe
of 2 mL of N.N-dimethylselenourea 0.01 mol dih The mixture solution are displayed in Figure 1. The absorption spectrum exhibits

was heated in a microwave oven at 900 W for 50 s. The resulting a shoulder in a range between 490 and 580 nm where thasls
solution has a transparent orange color and contains CdSe QDs

electrostatically stabilized by the anions in the solution electronic transitions occdr:3%4°The emission spectrum of the CdSe
ically z y ' ' > solution. shows a bell shape in the spectral range of-5600 nm, with a
2.2. Preparation of Gold ElectrodesGlass slides were treated

ith Piranha soluti el db tial sonication in eth Imaximum at 561 nm and a fwhm around 48 nm.
with Firanha solution and cleaned by sequential sonication n€thanol, - tpe glectrostatic adsorption of CdSe particles onto the polyelec-

trolyte multilayer assembly can then be monitored by -tiNs
absorption spectroscopy. The absorption spectrum of CdSe QDs

Absorbance / a. u.

400 500 600
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Figure 2. Representation of the electrochemical cell employed in = <. =
photocurrent measurements. = s 6
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deposited onto three layers of pLys/pGlu is shown in dashed line 2502 ,”' —_—
in Figure 1. The multilayer assembly in the absence of CdSe was 0 1 2 3 4 5 6 0 1 2 3 4 5 6
used as areference in order to isolate the spectral features associate time /s time /s
with the adsorbed particles. The optical properties of the CdSe QDs '
appear unaffected by the adsorption. No obvious aggregation of the
nanoparticles is observed on the film surface. No significantincrease .
inthe absorption was observed for longer deposition times, indicating =
that the adsorption is complete within 1 h. e

2.5. Instruments. The electrochemical cell used in all measure-

ments is a homemade three-electrode cell with a cylindrical glass
vessel. The multilayer modified gold slide functions as the working
electrode, with a Pt wire counter electrode and an Ag/AgCl reference
electrode. The junction between the reference electrode and the
organic electrolyte was established by an aqueous solution containingFigure 3. Photocurrent transient responses of CdSe sensitized
102 mol dnT3 LiCl and 103 mol dnT3 BTPPACI as indicated in multilayer film at various applied potentials. The films were composed
Figure 2. The 1,2-dichloroethane phase contained $0-3 mol of 3 (a) and 9 (b) layers of pLys and pGlu (i.ein Figure 2is equal
dm=3 of BTPPATPFB as supporting electrolyte. All potentials to 1 and 4, respectively). The dashed lines are fittings employing
reported refer to the Ag/AgCl electrode. The potential difference €9 13. Normalized photocurrent transients for various film thicknesses
between the electrode and the organic solution was controlled with & —0-4 V (). The number of pLys and pGlu layers is indicated next
ahomemade potentiostat. The absorption and emission measuremenf?teaCh curve. Initial photocurrent as a function of the number of
were performed on an Ocean Optics CHEM2000-tiNs spec- PLYS antlj pGIuhIaye_r_s |(d¥1 at0.4 (squ_ar?]s), 0.0_(C|rclesh), and 0.8
trophotometer and a Perkin-Elmer LS50B luminescence spectrometer:l/ (triangles). The initial photocurrent is the maximum photocurrent

X - alue observed directly upon illumination.
respectively. TEM measurements were performed on a Philips CM20
microscope with an accelerating voltage of 200 kV and a point
resolution of 0.28 nm.
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to the CdSe particles (photoreduction) or from the particles to

2.6. Photocurrent MeasurementsPhotocurrent measurements gO|d (phOtOOXIdatlon)'

were performed under potentiostatic conditions using the illumination ~ Based on unpublished data from our group, the electron
provided by the 442 nm beam line of a CW Heéd laser transportinside the film is believed to proceed mostly via electron

(Omnichrome Series 74). Neutral density filters were used for hopping from redox site to redox site, rather than by diffusion
controlling the photon flux. The reference electrode was kept in the of the ferri/ferrocyanide ions. Indeed, analysis of electron transfer
dark to avoid any photopotential interferences. Transient photocurrentreactions between the gold surface and redox species in the
measurements were conducted employing a mechanical shutter. Thenultilayer assembly using cyclic voltammetry and electrochemi-
photon flux was measured using a calibrated power meter (Gentec).ca| impedance suggests that the electron transfer inside the film
The illumination and.current recording were synchronized by means i taster than the diffusion of ionic species. We expect these
of homemade Labview programs. ) . results to be part of a future publication. The distribution of the
ot ey oo o s o seous ope leiricalpoental fomthe goldelectode o the rganic phase
through the aqueous film is the key parameter controlling the

fromthe film. Indeed, when the film isimmersed in aqueous solution, .
the large difference in volumes makes it difficult to maintain the apparent rate of electron transfer between the CdSe particles and

concentration of free ions inside the film. Furthermore, the use of the electrode, and hence the amplitude of the photocurrent
an organic electrolyte solution immiscible with the aqueous responses. Although the overall potential drop between the gold
environment of the film ensures that the redox species placed in thesurface and the electrolyte solution can be easily controlled
solution, such as TCNQ, do not enter the film in substantial quantity. experimentally, we have little information on the potential
Itis however difficult to predict what effect the contact of an organic  distribution inside the multilayer assembly. Kelvin probe
liquid will have on the arrangement of the hydrophilic polyelectrolyte  measurements have revealed that the addition of alternate pLys
chains and charged nanoparticles. Finally, it should be mentioned 3 pGlu layers on the electrode results in an oscillatory behavior
tmhzgtszeresr?]gjrg';n?hweers%?gn"n dcooenst"’;]cér:’(‘ghc%';tda‘ijr:'ﬂgof”ehccl’}g;ugggte ofthe contact potential differené@These results reflect changes
which can eventually act as an electron acceptor. r1_hthe multllayersgrfgce potentlaI.Th|_s behavior could be reflected
in the potential distribution, depending on the level of structure
of the film. On the other hand, as the distance between the gold
surface and the nanopatrticles is increased by adding more pLys
As mentioned in the Introduction, the photoactivity of dye- and pGlu layers the potential distribution should tend to that of
sensitized multilayer films was described in a previous publica- two polarizable interfaces in series, namely the {fdid and the
tion.2’ The presence of zinc porphyrins, together with incorporated film [organic phase interface.
redox centers, allows electron transfer between the film and the The photoinduced electron transfer between the particles and
gold surface upon illumination. In the present paper, the CdSe the gold surface manifests itself as photocurrent responses. Figure
nanoparticles take the role of photoactive species at the surface3, panels a and b, shows the photocurrent transients at various
of the film. lllumination of the modified electrode leads to the potentials obtained for different film thicknesses. No faradaic
formation of electror-hole pairs in the CdSe particles. The response was observed prior to the illumination. Furthermore,
transport of charges through the film is mediated by the presenceno photocurrents were observed in the absence of CdSe QDs on
of ferri/ferrocyanide. Depending on the potential profile across the surface of the film. Upon illumination, the photocurrent rises
the film, electron transport occurs either from the gold surface sharply to a maximum initial valujéh. In the following seconds

3. Results and Discussion
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transfer reactions with the surrounding iron centers and ultimately
the gold surface.

sts )

S* 5"+ e (AU) 3)

ke
S*+ e (Au)—S

Figure 4. Schematic representation of the photoinduced electron- 4)
transfer reactions. (S) corresponds to a CdSe patrticle (sensitizer).

The species (A) and (D) correspond to electron accepting and donating This mechanism is t_Jased_ on several assumptions: F'r_St’ an
species in the organic phase. average rate constaktis assigned to the decay of the excited

state, without consideration of trap states and additional decay
the photocurrent decreases slowly due to recombination currentgPathways. Second, the transfer of electrons across the film is
(see section 3.1). When the illumination is stopped, the simplified as two first-order kinetic processes with rate constants
photocurrent decreases back to zero, and in the case of thickkox@ndkred These rate constants are associated with the oxidation

films a current overshootis observed. This overshootis associatec?Nd reduction of the particles, respectively. Obviously, the
with back charge transfer reactions occurring when the film mechanism through which electrons are shuttled between the

contains negatively charged particles. A positive current cor- gold substrate and the particles at_the surface of th_e filmis much
responding to the photooxidation of the CdSe particles can be More complex and involves multiple redox reactions between
observed at high potential differences when the film is composed I'o" centers, as well as the diffusion of redox species inside the

of 7 or less polyelectrolyte layers. This is apparent in Figure 3a film. These charge-transfer reactions are influenced by the local
at 0.8 V. film structure and potential profile. The rate constaksand

krea Should be considered as the reciprocals of the average time
of electron transport through the films.

The CdSe nanoparticles carrying extra charges can be recycled
through different mechanisms: back charge transfer or quenching
via redox species present in the film or in the organic electrolyte
solution. For instance, in the case of reduced CdSe patrticles, the
reactions can be considered to be

The photocurrent decay observed after the initial photocurrent
jghis reached is much more pronounced in the case of thick films.
This can be clearly seen in Figure 3c, which displays the first
seconds of the photocurrent decay normalized by the initial
photocurrent. Two regimes can be distinguished: in the case of
films composed of less than 7 pLys and pGlu layers, the
photocurrent decay is relatively slow, whereas itis much sharper
with films featuring more than 7 layers. Photocurrents obtained

in the case of 7 polyelectrolyte layers appear as intermediates S —s+ e (Au) (5)
between these two situations. K,
Not only the shape but also the photocurrent magnitude is S +A—S+A" (6)

strongly affected by changes in the potential difference and the here A i | | d either in the fil .
number of layers. Photocurrent responses increase when thd/N€ré A s an electron acceptor located either in the film or in

potential is tuned to more negative values, suggesting that thethe organic phgse, such as TCNQ'(se'e section 3.4). The rate
rate of electron transfer from the gold substrate to the QDs is constant assocu_ated with _darl_< oxidation of $5) can be
increased. On the other hand, the photocurrent markedly decrease on5|dereql, as_aﬂrst approximation, to b_e equal to th_e rate constant
when more polyelectrolyte layers are added. This phenomenon©f the oxidation of excited CdSe. Similar reactions can be
is clearly illustrated by Figure 3d, which displays the initial considered in the case of the oxidized CdSe particles

photocurrent as a function of the number of layers at various B + Ked

potentials. The effect of the potential difference is investigated e (Au)+S —S (7)
in section 3.2, whereas the dependence of the photocurrent on K,

the film thickness is discussed in section 3.3. S"+D—S+D" (8)

3.1. Theoretical Description of the Photocurrent Responses. ) ] ) ]
To rationalize the photocurrent data presented in Figure 3, we where D is an electron donor in the system and not in the organic

shall develop a kinetic model based on previous investigations electrolyte solution. Obviously, the quenching of electrons in
of dye-sensitized liquidiquid interfaces. The overall photoin-  the conduction band or holes in the valence band of CdSe can

duced process can be described by the scheme in Figure 4. A°Ccur from the excited particles S* as well. The following
similar modelisation of the photoprocesses involving semicon- "€actions should hence be considered:

ducting nanoparticles attached to electrode surfaces can be found K,

in the work of Hickey et a3 The photocurrent response is S*+A—S"+A” (9)
deconvoluted in a series of competing reactions. The initial step

consists of the photoexcitation of the CdSe particles, denoted S S*4+D & S +DF (10)
in Figure 4.

These reactions are in competition with the electron-transfer
reactions (3 and 4). The magnitude and shape of the photocurrent
response will be controlled by the kinetics of each individual

. . . step. As apparent in Figure 3, the rate constegtandk.qare
The excited particle, S*, can either relax to the ground state by ;,f,enced by the applied potential, as well as the number of
fluorescence or nonradiative pathways, or participate in electron- layers

(41) Hickey, . G.; Riley, D. 0. Phys. Chem. B999 103 4599 It should be mentioned that the measured photocurrent
Ickey, S. G.] Rlley, D. . S. em. . . .

(42) Hickez, S G R"ei,'y D. FElechochim Acta200Q 45, 3277. corresponds to an electron transfer reaction at the|fjoid

(43) Hickey, S. G.; Riley, D. J.; Tull, E. J. Phys. Chem. B00Q 104, 7623. interface, whereas the concomitant charge transfer reactions at

S g )
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the filmjorganic phase interface can either be an interfacial

electron transfer between CdSe particles and a donor or acceptor
inthe organic phase or an ion transfer reaction across the interface §

to maintain the electroneutrality of the multilayer film. In the
present model, we do not take into account the ion transfer

reactions that may or may not take place as these do not influence™

directly the oxidation states of the nanoparticles. We shall
therefore consider the electron flux across the fitha junction

in order to estimate the photocurrent without having to take into
account ion transfer processes

jph = F((kox - kred)FS* + koer* - kredFS+)

wherel’; denotes the surface concentration of the sensitizer in
its excited, oxidized, and reduced forms, respectively. Assuming
that a preequilibrium takes place between S and S*, the
concentration of excited particles can be described as

(11)

loTS
k.

wherely is the photon fluxg is the capture cross-section of the
particles, and“g is the total surface concentration of particles
adsorbed on the film. Of course, eq 12 is valid only in the case

ST

(12)

where the number of excited nanoparticles remains small (i.e.,
k> lo0). Using a Laplace transform on the concentration changes

of St and S, the following expression can be obtained for the
photocurreng®34

Jjpn= P(a — Pe kot 4o g (ke kalty (13)
with
o= (koxkd - kreoka)(kox + kred+ ka+ kd) (14)
(kox + ka)(kred + kd)
_ Kodkeat ko)
P ot as)
 Keedkox T K3)
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and
0
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The firsttermin the photocurrent equation describes the steady-
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Figure 5. Simulation of the photocurrent responses using eq 13.
The various parameters were takendas= 10711 C cm2, kox = 2

s kea=10*s1, kg =2 x 10°s71, andk, = 1 st unless specified
otherwise in the figure.

the millisecond time scale, as it corresponds to a recombination
pathway. By making a qualitative comparison between the
photocurrent responses in Figure 3 and the simulations in Figure
5, panels a and b, it can be seen that an increase in the potential
acts to decreade.qand increas&y. At very positive potentials

in the case of films with less than 7 layeks, becomes greater
thank.eq, and we change from a reductive to an oxidative process.
This situation can be exemplified by comparing the simulation
curve corresponding tg.q= 0 in Figure 5a with the experimental
curve at0.8 Vin Figure 3a. As observed in Figure 5c, a relatively
large rate constaky is required in order to observe photocurrents
that change sign over time. This situation occurs in the case of
7 layers at intermediate potentials. Finally, the rate constant of
electron transfer to an acceptor in the organic phase controls the
value of the steady-state value of a reduction photocurrent. This
effect will be investigated in section 3.4.

The large number of parameters in eq 13 prevents an accurate
fitting of the photocurrent data. To extract information lan
andk.eq from the data in Figure 3, we need to limit the number
of adjustable parameters. The valueskgfk, and® are not
expected to vary much with the potential difference. A general
comparison between the simulation curves in Figure 5 and the
photocurrent data reveals tHat= 2000 s can be employed
to describe most transients. This value is close to the 2800 s
obtained experimentally by Hickey et al. for the capture of

state current. The second and third terms are associated with th@hotogenerated holes in surface bound CdS nanoparticiéss

currentdecays at shortillumination times. The initial photocurrent
value observed directly upon illumination of the filin=€ 0) is
simply described by

jgh = DKoy — Kied)

The influence of the parametegs, kreq, kg, andk, are examined

in Figure 5. The simulations in Figure 5 were obtained using
=101"Ccm?2 kyx =254 kea=10"s L, ky=2 x 10¥s71,
andk, = 1 st unless specified otherwise in the figures. This set

(18)

reductive quenching may arise from a reaction with the
surrounding polypeptides or solvent molecules. In this case, the
reaction can be considered homogeneous, and the rate constant
kqis not expected to vary with the applied potential. Furthermore,
we shall consider that changes in the thickness of the film do
not introduce changes in the number of adsorbed particles, so
that the parametap is constant. The photon fluywas measured

as 2.5x 10 cm~2s 1using a calibrated photodiode. The photon
capture cross sectianof the CdSe nanoparticles at 442 nm can

be estimated as 1@ cm?.*445The absorption spectra of CdSe

of values generates theoretical curves, which are close to whatsensitized films provide a rough estimate of the particle coverage

is observed experimentally. Under conditions where the pho-
tocurrentis negative, we halgq> Koy, SO that the photocurrent
is mainly controlled byk.q In this case, the rate constdak

(44) Palik, E. D.Handbook of Optical Constantécademic Press: Boston,
1991; Vol. 2.
(45) Van De Hulst, H. CLight Scattering by Small Particle€ourier Dover

determines the sharpness of the photocurrent decay observed irublications: New York, 1981.
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Figure 6. Rate constant&y (a) andk.q (b) as functions of the number of polyelectrolyte layers

potential for 3 (circles), 7 (triangles), and 11 layers (squares) of
pLys and pGlu. The rate constants were extracted from the
photocurrent data using eq 13 widh = 10711 C cnr?, kg = 2 x

10 s7%, andk, between 1 and 573. The black lines are guides for
the eye.

Figure 7. Rate constantk, (a) andkeq (b) as functions of the
number of polyelectrolyte layers at0.4 (black circles) and 0 V
(white circles). The rate constants were extracted from the photo-
current data using eq 13 with =101 Ccnr?, ky=2 x 1B s 1,
andk, between 1 and 5. The black lines are guides for the eye.

asT¢= 4 x 10711 mol cnr2 Finally, the rate constarit was the work of Hickey et al*1~43 who employed CdS particles
determined as TG~* from fluorescence lifetime measurements  directly attached to thiol-modified gold electrodes.
(unpublished data from our group). Thus, the paramétean The photocurrent transients in Figure 3 are negative for most
be estimated as 16" C cn2 This value was found to be  of the applied potential differences, suggesting tat> kox.
consistent with the photocurrent data and was used in all fittings. The more negative the potential is, the larger the reductive
Under these assumptions in the case of a photoreduction, thephotocurrent response becomes. At potentials above 0.6 V in the
initial photocurrent is mainly determined g, and the slow  case of films composed of less than 7 polyelectrolyte layers, the
photocurrent decay is associated with the recombination rateelectron transfer from CdSe to gold becomes dominant, and
constant,y and the heterogeneous rate of electron trarigfer  positive oxidation photocurrents are observed (see Figure 3d).
In the absence of electron acceptor in the aqueous phase, th&igure 6 displays the rate constakgs andk.eq as functions of
value of ky remains in the range of-15 s This residual the potential difference for various film thicknesses. An increase
quenching of the electrons in the CdSe conduction band mayin the potential difference results in an increas&@fvhile kreq
result from a reaction with oxygen. Indeed, solutions were left decreases. The energy levels of excited electrons and holes in
in contact with air, and the system can be considered as saturatethe CdSe particles are shifted with respect to the Fermi level of
with O. Fittings of the photocurrent responses employing eq 13 the gold substrate. Accordingly, the driving force associated with
are shown as dashed lines in Figure 3, panels a and b. It can bé,, increases, whereas that lofy decreases.
observed that, although some parameters are taken as constants, 3.3. Effect of the Film Thickness on the Photocurrent
eq 13 provides an adequate description of the photocurrentResponsesAs discussed previously, the photocurrent data seem
transients, particularly in the case of low numbers of polyelec- to show two distinct kinetic regimes depending on the thickness
trolyte layers. When the films are composed of a large number of the film. The system goes from a situation as in Hickey et
of layers, such as in Figure 3b, the experimental transients deviateal 4143 where particles are separated from the gold surface by
from the exponential behavior predicted by our model. Thismay a dielectric layer of MUA to a 2830 nm wide film which
be explained by the fact that several electron transfer reactionsfunctions as a separate phase with relatively low conduc-
are needed to transport charges between the particles and théon 11.12.27.31The kinetics of electron transfer between gold and
gold electrode. The photooxidation process, which is associatedthe CdSe QDs are expected to change accordingly.
with the photocurrent decay, may not be adequately described From the data in Figure 3, it is evident that the initial
by a single rate constakty in the case of thick films. photocurrent decreases when the number of layers is increased.
3.2. Dependence of the Photocurrent Responses on the This suggests that the CdSe particles are indeed positioned at the
Applied Potential. Itis clear from Figure 3 thatthe photocurrent  film|electrolyte boundary and do not freely penetrate inside the
strongly depends on the applied potential difference between themultilayer assembly. The photocurrent decay is also more
gold surface and the organic electrolyte solution. The influence pronounced when the film is thicker. These phenomena are
of the potential suggests that a significant portion of the potential reflected by the evolution of the rate constants of photooxidation
distribution takes place between the gold and the CdSe particles.and photoreduction. Figure 7 displays the rate constaptnd
Similar results were obtained in the case of porphyrin-sensitized keqas extracted from the photocurrent data. Although the decrease
multilayer assemblie¥. Such behavior is also consistent with in keqwith the number of layers can be explained by the larger
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eq 13 using the parametefs= 10711 C cnT2, koy = 1.25 51,

kea = 780 s1, andky = 2 x 1% s™L. The rate constari, of
electron transfer to an acceptor was varied from 35irs the
absence of TCNQ to 12 in the presence of the quencher. This
rather small change suggests that TCNQ does not efficiently
accept electrons from the CdSe particles. This may arise from
the fact that the polyelectrolyte film forms a hydrophilic
environment restricting the approach of TCNQ toward the
particles.
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Figure 8. Photocurrent responses obtained-at4 V with 11 layers Ultrathin films composed of alternate layers of pLys and pGlu
of pLys and pGlu in the absence and in the presence of TCN® 10 Wwere prepared on mercaptoundecanoic acid modified gold
mol dm 3 in the DCE solution. The dashed lines are simulations electrodes. The electroactivity of these films was ensured by the
using eq 13 with the parametebs= 1011 C cnr 2 kyx = 1.25 s, incorporation of ferri/ferrocyanide ions. Citrate-stabilized CdSe
kea =780 s, kg = 2 x 10° 7%, andky = 3.5 or 12 s*. guantum dots were then electrostatically adsorbed on the film,
) ) ) ] conferring photoactive properties to the assembly. The optical
distance separating the particles from the gold surface, the increasgyoperties of the particles were not changed upon deposition
in kox is more surprising. A possible explanation is that, in the gnto the multilayer assemblies suggesting that no aggregation
case of thick films, the potential difference is spread over a phenomena occurrs.
larger distance, so that the electron hopping from iron center to . ppotocurrent responses originating from the photoreduction
iron center is less disfavored. o of the adsorbed CdSe nanoparticles were investigated in 1,2-
As canbe seeninFigure 6, the effect of the potential difference gjch|oroethane. The dynamics of photoinduced processes and
on the rate constantgx andkrd is less marked in the case of  coypled reactions are evaluated on the basis of a detailed kinetic
thicker films. In the presence of 11 pLys and pGlu layers, the yodel. The rate constants of electron transfer between the gold
electron transfer rate constants are practically potential inde- g;,pstrate and the particles was found to depend on the potential
pendent. These results suggest that the potential difference extendgifrerence between gold and the organic electrolyte solution, as
only over 5-7 polyelectrolyte layers, which corresponds to a g as on the thickness of the multilayer assembly. At very
distance of about 15 nm. Indeed, theoretical modeling of the positive potentials, the direction of the electron flux could be
potential distribution in similar multilayer systems by Garcia- reyersed from a reductive to an oxidative process. These results
Morales et al. indicate that most of the potential drop occurs gemonstrate that the potential distribution occurs through the
within the first few layerg!® The adsorption of additional pLys o polarizable interfaces in series.
and pGlu layers creates a portion of film with a weak potential  The distance between the gold surface and the CdSe particles
distribution. The driving force for electron hopping within this a5 varied by changing the number of polyelectrolyte layers.
region is low, which limits the overall rate of electron transfer \ye opserved that the kinetics of CdSe photoreduction are
across the film. _ ) decreased when the thickness of the multilayer assembly is
3.4. Photocurrentin the Presence of TCNQinthe Organic  jncreased. Furthermore, the dependence of the photocurrent
Solution. Photocurrent responses obtalngd in the absence and iNfesponses on the potential difference becomes markedly weaker
the presence of TCNQ & 10~2 mol dni® in DCE at—0.4 V in the case of films composed of more than 7 pLys and pGlu
with afilm composed of 11 layers of pLys and pGlu are displayed |ayers. These data suggest that the electric field at thefigold

in Figure 8. A clear feature of these results is the shift of the jnterface spreads over polyelectrolyte layers, which cor-
steady-state reductive photocurrents to more negative Valuesresponds to a distance of about 15 nm.
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