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Abstract: Single wall carbon nanotubes (SWNT) and multiwall carbon nanotubes (MWNT) were linked to
thioglycolic acid (TGA)-capped CdTe nanoparticles (NP) through electrostatic interactions producing
photoactive superstructures. The novel nanohybrids were characterized both in the ground and excited
states with specific accent on electron-transfer chemistry. In fact, both assays provide kinetic and
spectroscopic evidence that support a partial transfer of charge density, with rapid formation of microsecond-
lived radical ion pair states. Since nanotubes provide a quick transportation route of charge carriers to the
electrode, we took this remarkable finding further and constructed photoelectrochemical cells. Photocurrents
were generated through the implementation of CdTe and SWNT or MWNT, which serve as excited-state
electron donor components and electron acceptors, respectively.
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Carbon nanotubes (CNT) and especially single wall carbon components or metalloporphyrif$!2ac.13Work performed
nanotubes (SWNT) fit perfectly into this pictuteThey are either in condensed media or at electrode surfaces demonstrated
hexagonal networks of carbon atoms, rolled up to create that the presence of extended, delocalizedlectron systems
seamless cylinders. These carbon tubes can reach lengths of, indeed, very useful in terms of charge transfer and charge
centimeters, and each end is usually capped with half of atranspor®11214=or example, illuminating CNT-based doror
fullerene sphere. Several key challenges arise around theseacceptor nanohybrids with visible light is followed by fast charge
nanostructured carbon allotropes. Can these quasi one-dimenseparation and slow charge recombination. The lifetimes of the
sional superstructures serve donor or acceptor functions in novelcharge-separated radical ion pair state are so long that these
nanohybrids? Does the exceptional conductivity along the systems can be used for the fabrication of photovoltaic devices.
tubular axis in CNT lead to new paradigms in electron-transfer However, little is known about these nanopartief@notube
chemistry? Equally intriguing are multiwall carbon nanotubes hybrids, which led us to concentrate in the current work on
(MWNT), in which the presence of numerous concentric combining CNT with differently sized water-soluble nano-
cylinders provides different acceptor levéds. particles, namely, red- and green-emitting CHTee., 5.0 and

Recently, the first reports on all organic dor@cceptor 2.4 nm)—see for illustration Scheme 1.
nanohybrids appeared, combining CNT with either polymeric
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Scheme 1. Partial Structure of the SWNT/Pyrene*/CdTe Used in ooeno T i
This Work
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Figure 1. Room-temperature luminescence spectra of red-emitting CdTe,
+ 5 nm, (1.5x 10-8 M) upon addition of several concentrations of SWNT/
SWNT/ pyrene pyrene (0—0.2 mg/mL). The excitation wavelength is 350 nm, where the
absorption of CdTe varies between 100% (i.e., 0 mg/mL SWNT/pynene
Results and Discussion and 75% (i.e., 0 mg/mL SWNT/pyrehg the luminescence spectra are,
however, corrected for this effect. The inset shows an amplification of the

En route toward novel organignorganic nanohybrids we ~ 550-650 nm range.
followed a strategy that is based on binding CNT and CdTe ) . )
through electrostatic interactions and layer-by-layer assetfibly. duantum yields of 1530% were determined in the absence of
Details on the preparation of the CNT templates (i.e., SWNT/ CNT.*° and at different concentrations of SWNT/pyrene
pyrene, MWNT/pyrene’, SWNT/pyrene, and MWNT/ excitation at 350 nm leads to nonlinear quenching gffgcts of
pyrene) have been reported elsewhéfémportant is that our  the strong CdTe-centered (1:510° M at pH 10.1) emission
approach guarantees (i) significant debundling into individual (Figure 1). Strong electronic interactions, such as transfer of
CNT and (ii) formation of stable suspensions, for example, in charge densny between the electrogctlve compongnts, are I|k¢_aly
water. Furthermore, the presence of trimethylammonium groups© P& responsible for the aforementioned effects (i.e., blue-shift
in pyrene allows their association with negatively charged and luminescence quenchlng). The binding constant is as;umed
headgroups, present in thioglycolic acid (TGA)-stabilized size- Pased on our previous workas 16 M™%.1¢ These interactions
quantized CdTe nanoparticles, to yield novel CNT/CdTe ¢&n be potentially mediated by pyrene moieties.
nanoassemblies. To probe such interactions we titrated aqueous The scope of a series of control experiments was to interfere
solutions of CdTe with variable concentrations of SWNT/ With and/or to fine-tune the CNT/CdTe interactions. The
pyrené or MWNT/pyrene and monitored changes in the Protonation of TGA constitutes a simple and elegant means to
characteristic band gap transitions of CeHmoth in absorption manipulate the electrostatically driven formation of CNT/CdTe
and luminescence. In absorption (see Figure S1 in the Supportingh@nohybrids. Under slightly acidic conditions (pH6) proto-
Information), during the titration the features of CNT unequivo- hating the carboxylate groups of the TGA, none of the above
cally emerge, especially the classical van Hove singularities of effects were noted. The absorption spectra, for example, are
SWNT, which extend throughout the near-infrared region. A best described as linear combinations of the individual com-
consistent trend in all of these titration experiments is a shift of ponents (i.e., CdTer590 nm; SWNT, metallic k transitions
the CdTe absorption edge/peak toward higher transition energiedn the 500-600 nm range and semiconductog,Eand B
reaching a few nanometers, despite the presence of the CNT{ransitions in the 606900 nm/1008-1500 nm regions). The
centered van Hove singularities. In luminescence experiments,emission spectra after the 350 nm excitation display some
guenching of CdTe luminescence, which originates, however,
(15) (a)Nanoparticles in Solids and Solutigrisamat, P. V., Meisel, D., Eds.; from competitive light absorption. Additional evidence for the
Kluwer: Dordrecht, The.Nethe.rIarjds. 1996. @gmiconductor Nar)oclu_s— dominant role of donefacceptor process comes from control
ters Fendler, J. H., Ed.; Elsevier: Amsterdam, 1997. N@noparticles: . . . .. .
from Theory to ApplicationsSchmid, G., Ed.; Wiley-VCH: Weinheim, experiments involving similarly charged CdTe and CNT, which
Germany, 2004. (d) Rogach, A. L.; Katsikas, L.; Kornowski, A.; Su, D.;  |ead to negligible effects. For example, when probing SWNT/

Eychmueller, A.; Weller, HBer. Bunsen-Ged.996 100, 1772-1778. (e)
Gao, M.; Rogach, A. L.; Kornowski, A.; Kirstein, S.; Eychmueller, A;  pyrene and MWNT/pyrene,"¢the presence of equally charged

%;”?i‘t’gﬂg\v/ o ,&V?g%vp;'kJ-APgﬁégg‘;?;h f9%8 \}Qig?gyg?’g??-éggach headgroups, namely, carboxylic acid, should prohibit meaningful
A. L.: Eychmueller, A.J. Phys. Chem. B999 103 10109-10113. (g) CNT/CdTe interactions by electrostatic repulsion. In fact, the
Talapin, D. V.; Haubold, S.; Rogach, A. L.; Kornowski, A.; Haase, M; : _chi [ _
Weller, H.J. Phys. Chem. B001, 105, 2260. (h) Mamedov, A. A.; Belov, !ack of appremabl_e blue-shifts or strong CdTe emission quench
A.; Giersig, M.; Mamedova, N. N.; Kotov, N. Al. Am. Chem. So@001, ing, as observed in these cases (see Figure S2 in the Supporting
123 7738-7739. . . : e .

(16) () Guldi, D. M.: Zilbermann, I.; Anderson, G.: Kotov, N. A.; Tagmatarchis, Information) supports this notion. A S|m|_lar conclusion stems
N.; Prato, M.J. Am. Chem. So®004 126, 14340-14341. (b) Guldi, D. from pyrene and CdTe reference experiments.
M.; Zilbermann, I.; Anderson, G.; Kotov, N. A.; Tagmatarchis, N.; Prato, . .. X i
M. J. Mater. Chem2005 15, 114-118. (c) Guldi, D. M.; Prato, MChem. In time-resolved emission experiments, we see lifetimes of
Commun2004 2—-10. _ _ i+ i

(17) (a) Nakashima. N.; Tomonari, Y. Murakami, Bhem. Lett2002 638 around 6.5+ 0.5 ns for red and.green emitting CdTe in aerated
62338.4(3)0 Alrzy;l;hirh/g. (B) gamajinb o'\./i SgOﬁve, P.;G N?\X, ;A,;anjgmui'r\I aqueous solutions. Upon adding SWNT/pyrerse MWNT/

, . (c) Guldi, D. M.; Rahman, G. M. A.; Jux, N.; iti : ; _

Balbinot, D.; Hartnagel, U.; Tagmatarchis, N.; Prato, M.Am. Chem. Pyrené—’ within our time resolution, we see Only the S_ame Iong
Soc.2005 127, 9830. lived component at, however, a much reduced amplitude. From
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Figure 2. Upper part: differential absorption spectra (visible) obtained upon femtosecond flash photolysis (387 nm) of red-emitting CdTe, 5x1m, (1.0
1076 M) with several time delays between 0 and 20 ps at room temperature. Lower part: afis@rption profiles of the spectra shown above at 500, 550,

585, and 650 nm.

these observations we must conclude that once photoexciteddensity occurs, as evidenced by a slight red-shift of the transient
CdTe undergo charge transfer to the electron-accepting SWNTbleach. Once these equilibrated states are reached no significant
or MWNT. The charge transfer is, however, masked by the decays are noted on the entire time scale of our experiments
instrument response time of around 100 ps. (i.e., up to 1500 ps). Upon extending the time scale into the
To learn more about CNT/CdTe interactions, we turned to nanosecond domain (i.e., starting at around 10 ns) we see (i)
transient absorption measurements following either short fem- the same transient characteristics (see Figure S3 in the Sup-
tosecond (i.e., at 387 nm) or long nanosecond (i.e., at 355 nm)porting Information) and (ii) that they decay slowly8.5 +
photoexcitation. For red- and green-emitting CdTe we see that0.5 x 10’ s™1) back to the ground state.
the time window of the first picosecond is dominated by the ~ When investigating SWNT/pyreréCdTe or MWNT/pyrent/
generation of an initial excited state. Characteristics of this state CdTe (i.e., corresponding to the endpoint of our absorption and
are transient bleaches of the transitions across the band gapsmission titrations) the same initial processes occur, vide supra.
(i.e., red CdTe, at around 580 nm; green CdTe, at around 570In contrast to the case of just CdTe alone, tinadsorption
nm) and new peaks that are located in the red relative to the profiles in Figure 3 indicate that a competing process interferes
band gap transition (i.e., red CdTe, at 645 nm; green CdTe, atkinetically with the one that corresponds to the fast equilibration
635 nm). Figure 2 demonstrates that these states are metastableaction. Spectroscopically, we also see a difference: new
and that they decay with rates of 442 0.5 x 10! s71 (red transient features develop that differ significantly from those
CdTe) and 3.3+ 0.5 x 10! s! (green CdTe)as major registered for just CdTe (compare Figures 2 and 3). For example,
components. Implicit is here that an equilibration of charge for the case of red CdTe and MWNT new maxima develop at
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Figure 3. Upper part: differential absorption spectra (visible) obtained upon femtosecond flash photolysis (387 nm) of MWNT/mdesmitting CdTe,
5nm, (1.0x 10-¢ M) with several time delays between 0 and 20 ps at room temperature. Lower part: afis@rption profiles of the spectra shown above

at 500, 550, 585, and 650 nm.

480 and 725 nm. Figure 4 confirms that we see for MWNT/ 0002 -

pyreng/CdTe even on the nanosecond time scale (RelQ

ns) the same transients with a minimum at 580 nm and maxima
at 460 and 720 nm. A remarkably slow decay of 4£0.5 x i
10* s~ was derived from fitting wavelengths all throughout the o[
visible and infrared region. In analogous experiments with aop L
SWNT instead of MWNT (see Figure S4 in the Supporting /a.u.

0.001 [

-0.001 |

N

Information) a slightly larger decay rate constant of £®.5
x 10* s71 was determined. r
A likely rationale for the transient changes implies charge 0002 -
transfer evolving from the photoexcited electron donor (i.e., L
CdTe) to the electron acceptor (i.e., SWNT or MWNT). To find 0008 Lo st )
300 400 500 600 700 800 900 1000 1100

spectroscopic proof for this hypothesis we turned to pulse
radiolytic oxidation (i.e., Bx )8 and reduction (i.e., hydrated
electrons)® experiments with CdTe and SWNT/pyrener

Wavelength / nm

Figure 4. Differential absorption spectrum (visible and near-infrared)
obtained upon nanosecond flash photolysis (355 nm) of MWNT/pyvene
red-emitting CdTe, 5 nm, (1.& 10°6 M) with a time delay of 50 ns at
room temperature.

(18) For details on the pulse radiolytic experiments sRadiation Chemistry:
Present Status and Future Trendkponah, C. D., Rao, B. S. M., Eds.;
Elsevier: Amsterdam, 2001.
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CdTe and MWNT/pyreng respectively. Spectral attributes of
oxidized CdTe are a minimum at 590 nm and maxima at 460
nm/730 nm-well in line with the features shown in Figures 4
and S4 in the Supporting Information. Figure S5 in the
Supporting Information, on the other hand, shows that the
reduction of SWNT/pyrenewith hydrated electrons consists
of two contributions, that is, reduction of pyreng.e., 800 nm
maximum) and reduction of SWNT (i.e., a series of minima at
710, 880, 960, and 1040 nm). Please compare the latter valuegs
with minima at 740, 870, 940, and 1020 nm as they were seen &
in the spectra that were photolytically generated. Informative
tests came from separate reduction experiments with SWNT
PSS (i.e., a water-soluble SWNT grafted with poly(sodium
4-styrenesulfonate)) and pyren® In conclusion, the transient
absorption spectra are composite spectra of oxidized CdTe ang
reduced SWNT/MWNT features and resemble the photoreac- 8
tivity seen for CdTe associated with water-soluble fullerene §
derivativest® '

It is also important to note that the choice of CdTe over other |
available nanocolloids was not random. CdTe is a lot more ¥
reactive than CdSe or CdS and has substantial electron-donoi &
activity that matches electron-acceptor characteristics of CNTs. |
Encouraged by such remarkable features we pursued the use o
CNT and CdTe as integrative components for photoelectro-
chemical hybrid cells. In this light, we modified ITO electrodes
with a base layer of polyelectrolytes (i.e., poly(diallyl-dimethy-
lammonium) chloride (PDDA) or sodium poly(styrene-4-sul- EHI-15.00 KU
fonate) (PSS)) following the technique of layer-by-layer (LBL) —
assembly that we often used in the pAsTheir hydrophilic Figure 5. SEM images of MWNT/pyreneon silicon wafers with different
headgroups provide multipoint interactions with charged entities magnifications.
via uniformly directed Coulombic forces and short-range van
der Waals forces. In addition to these forces, charge-transfer
attractions between the components are expected to be stron
for CNT/CdTe systems based on the results described above
Before LBL coating, all substrates in this studguartz slides
(for absorption measurements), silicon wafers (for AFM mea-
surements), and ITO electrodes (for photoelectrochemical
measurements)were purified in piranha solutions for 1 min.
Bilayers made from SWNT/pyrerieand CdTe were deposited
onto the polyelectrolyte base layers. Important is that the ITO/
SWNT/CdTe sequence creates a redox gradient, namely,

facilitating electron mediation, starting from photoexcited CdTe pyrene and CNT/pyren&/CdTe-coated silicon wafersback

to SWNT and, finally, to ITO. Recent work suggests that . . )

. . . : up this conclusion. While the polyelectrolyte base layers are
assemblies with electronic gradients enhance the charge-transfer : X .
reactiondish essentially featureless, CNT give rise to densely covered

surfaces, showing in most cases the presence of individual

Absorptiqn spectroscopy, atomic force microscopy (AFM), gwNT and MWNT. Figure 5 shows SEM images of MWNT/
and scanning electron microscopy (SEM) are powerful ways . eng with different magnifications. The surface is clearly

to monitor the individual deposition steps. In Figure S6 in the .4\ ered with CNT and CdTe in the AEM images (Figure 6).
We can see that, in our topographic investigation, also the voids

(19) Icr;];t:gc[gcr)‘tolync experiments pyrenis not involved in the electron-transfer between CNT are filled with CdTe, due to adhesion to the

(20) (g) FDecher, % H%ng, J. Beﬁi Bgn%en-G&sth’hys. %13?91 95, 131432. polyelectrolyte surface. Note also the tight contact between the
5336_9(2)9',22’,,6,-; g ?,\L;_r?gkﬁh, iy ﬁ_;”ﬁg..ouk,'q_sgj_ Am%ﬁgﬁ_ Soc. CND and the CdTe nanoparticles which completely surround

1994 116 8817. (d) Lvov, Y.; Decher, G.; Haas, H.; Mohwald, H.;  them, producing a closely packed assembly.
Kalachev, A Physica B1994 198 89. (e) Kotov, N. ANanostruct. Mater. . . .
1999 12, 789. (f) Dubas, S. T.; Schienoff, J. Blacromolecules1999 Immediately after their preparation CNT/pyrénend CNT/

32, 8153. (g) Hammond, P. Turr. Opin. Colloid Interface Sc200Q 4, i i i -
430. (h) Durstock, M. F.; Taylor, B.; Spry, R. J.; Chiang, L.; Reulbach, S.; pyrengL/CdTe hybrid cells were Immersed into aqueous solu
Heitfeld, K.; Baur, J. W.Synth. Met2004, 116. (i) Yoo, S.; Shiratori, .  tions (i.e., 0.1 M NgPQ,, 1 mM sodium ascorbate,Mpurged)

S.; Rubner, M. FMacromolecule4998 31, 4309. (j) Kotov, N. A.; Fendler, i
3 H.: Dekany, 1.). Phys. Cheml995 99, 13065-13069. (k) Mamedov. with a Pt cathode connected externally to the ITO anode to

Supporting Information, typical absorption spectra of the photo-
and electroactive species are shewquartz was used as a
Qubstrate to allow transparency below 375 nm. Discernible are
the SWNT van Hove singularities (i.e., all throughout the
spectrum) and the band gap transition in CdTe, while the
| polyelectrolyte layers do not absorb significantly in the 300
900 nm region. This supports the notion that all components
were successfully integrated during the deposition procedure
and CNT exist primarily in the form of single strands rather
than bundles which is attributed to the effective solubilization
by pyrene compound. AFM and SEMerformed with CNT/

A. A Kotov, N. A.; Prato, M.; Guldi, D.; Wicksted, J. P.;Hirsch, Nat. measure the photocurrents. First the photocurrents were tested
Mater. 2002 1, 190-194. (I) Olek, M.; Ostrander, J.; Jurga, J.; Mueald, ; fA i H

H.. Kotov, N. A+ Kempa, K.. Glersig. MNano Lett. 2004 4 1889~ as a function of |nC|de_nt photon flux. For most of the corrglatlon
1895. (i.e., 200-500 W) a linear dependence was noted, which led
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Figure 8. 1-V characteristics of a single SWNT/pyretied-emitting CdTe
stack under white light illumination: 0.1 M NBO;, 1 mM sodium
ascorbate, dpurged.

: - CdTe. As well the lower position of the valence band in CdTe
;’I?C”é‘; a}af':‘rp.’\:'hg“sg:no;iz\’i’;‘%ri”?rgd;’m'tt'”g CdTe,5nm,ona  of smaller size makes these particles less potent electron donors,
' Dy and thus, such assemblies are less efficient than red-emitting
12 - nanopatrticles in producing a charge-separated state. Photoaction
\ spectra, as depicted in Figure 7, clearly identify the CdTe as
the major photoactive species and match the absorption spectra.
In particular, both UV regions, maximizing around 375 nm, and
visible regions, centered around 550 nm, correlate well with
the absorption spectra shown in Figure S1 in the Supporting
Information. In the case of SWNT/pyreheghe monochromatic
IPCE values for red- and green-emitting CdTe are 1.15% and
0.72%, respectively.
From our experiments we derive the following photocurrent
\ mechanism: Photoexcitation of CdTe is followed by rapid
e R T interactions with CNT leading to a sequential electron injection
350 200 450 500 50 00 650 into SWNT and ITO. Notably, CNT are likely to act as charge
Wavelength / nm delivery channels, rapidly transporting the charge carriers from
Figure 7. Photoaction spectra of SWNT/pyrendfull line), MWNT/ the photogeneration point to the electrode. Ascorbate, on the
pyrene stack (dashed line), and SWNT/pyréted-emitting CdTe stack ~ Other hand, helps to regenerate the CdTe ground-ssatee
(dotted line). Experimental conditions: 0.1 M D, 1 mM sodium photooxidation of CdTe is likely to occur regardless of the
ascorbate, bpurged, no electrochemical bias. presence of ascorbate. Finally, when comparing SWNT- and
MWNT-based cells, we note a 1.2-times higher light efficiency
us to use 400 W in our experimental wd&.When the cells for the MWNT system (i.e., 1.4%). Overall, these values
are illuminated with visible light distinct photocurrent patterns compare well with our previous reports on SWNT/pyréhe
develop. For CNT/pyrene that is, in the absence of CdTe, in polythiophene and SWNT/pyrehiZnp8-13¢
good agreement with the absorption spectra pho?oaction spectra  additional proof for the proposed mechanism came from
evolved (Figure 7) that showed a maximum light response ¢yrrent-voltage characteristics, in which we probed CNT/
around 375 nm, combined with a moderately low monochro- pyrené/red CdTe and red CdTe/CNT/pyrenecells in a
matic internal photoconversion efficiency (IPCE) of about 0.1% potential range betweer0.5 V and +0.5 V2223 Figure 8

in the presence of 1mM ascorbate. These trends suggest thaéxemplifies the behavior for SWNT/pyreffeed CdTe. Under
the electron transfer into the ITO conduction band evolves from open circuit voltage conditions the acceptor level of SWNT is
the one-electron reduced state of CNT and also from their j; equilibrium with the conducting band of ITO, and the electron
photoexcited states. flow is blocked. From this point the photocurrent increases
The photocurrents (Figure 7) were appreciably higher after systematically toward the positive potentials. Increased charge
adding CdTé! For example, under white light illumination we  separation and facilitated transport of charge carriers under
see for SWNT/pyrengred CdTe and SWNT/pyreriggreen positive bias are responsible for the enhanced photocurrent
CdTe 11.5- and 7.2-fold amplification of the photocurrent, generation. At a bias 0£0.5 V the IPCE corresponds to 2.3%
relative to the photocurrents seen without CdTe. A smaller (j.e. SWNT/pyrené/red CdTe). For red CdTe/CNT/pyretie

amplification factqr, as seen f_or green-em_itting C_d'_l'e, 3.5nm, cells a trend is noted (see Figure S7 in the Supporting
relates to poorer light harvesting features in the visible range
compare the band gap transitions in red- and green-emitting(22) Photoaction spectra of red CdTe and red CdTe/CNT/pyreeds are
identical to that shown for SWNT/pyrenkeed CdTe in Figure 7.
(23) A SWNT/pyrene/red CdTe cell is about 6-times more efficient than a red
(21) When monitoring several back-to-back intervals of light-on and light-off, CdTe cell (Figure S8 in the Supporting Information), measured with
exceptionally reproducible and stable photocurrents were obtained. absorptions that are typically 1.5-times stronger in the-Z38D nm range.
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Scheme 2. Cartoon that Exemplifies the Working Mode of Experimental Section
CNT/Pyrene*/Red CdTe (i.e., Case I) and Red CdTe/CNT/
Pyrene™ (i.e., Case Il) Hybrid Cells Synthesis. Preparation of CNipyrene: Water-soluble SWNTs

were obtained in analogy to previous work, using 1-(trimethylammo-
nium acetyl) pyrene (pyrerig However, to reduce the amount of free
pyrene in solution, the SWNT/pyrehecomplex was allowed to
precipitate, and the centrifuged solid was resolubilized in water. The
same procedure was applied to prepare MWNyrene. Green (2.4
nm), yellow (3.4 nm), and red (5.0 nm) CdTe were synthesized
following well-known protocols'.

Photophysics.Femtosecond transient absorption studies were per-
formed with 387 nm laser pulses (1 kHz, 150 fs pulse width) from an
amplified Ti:Sapphire laser system (model CPA 2101, Clark-MXR Inc.).
Nanosecond laser flash photolysis experiments were performed with
532 nm laser pulses from a Quanta-Ray CDR Nd:YAG system (6 ns
pulse width) in a front face excitation geometry. Fluorescence lifetimes
were measured with a Laser Strobe fluorescence lifetime spectrometer
(Photon Technology International) with 337 nm laser pulses from a
nitrogen laser fiber-coupled to a lens-based T-formal sample compart-
ment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacture’s web site. Emission spectra
were recorded with a SLM 8100 spectrofluorometer. The experiments
were performed at room temperature. Each spectrum represents an
average of at least five individual scans, and appropriate corrections
were applied whenever necessary.

Inf . h | fl hat i d Pulse RadiolysisPulse radiolysis experiments were performed using
nformation) that prompts to an electron flow that is reversed. 50 ns pulses of 15 MeV electrons from a linear electron accelerator

Initial charge separation within red CdTe/CNT/pyrénis (LINAC). Details of the equipment and the data acquisition have been
followed by hole injection into the ITO electrode. Applying @  described elsewhefé Dosimetry was based on the oxidation of SCN
negative bias at the ITO electrode surface is expected to facilitateto (SCN).~ which in aqueous, PD-saturated solution takes place with
the hole injection from the oxidized electron donor. In fact, G~ 6 (G denotes the number of species per 100 eV, or the approximate

changing the bias from0.5 V and+0.5 V leads to a steady =~ #M concentration per 10 J of absorbed energy). The radical concentra-
decrease of the photocurrent. tion generated per pulse was varied between3)lx 1076 M.

Film Preparation. A 1% solution of PDDA, pH= 8.5 and DI water
] for rinsing, pH= 7.2 were used. All solutions were made in DI water/
Conclusions phosphate buffer. Silicon wafers, ITO, and quartz slides were cleaned
in piranha solution, rinsed with DI water, sonicated for 15 min and
To conclude, organic (CNT) inorganic (CdTe) nanohybrids again thoroughly rinsed with DI water. After that, they were coated
were systematically devised and tested as democeptor with a precursor layer of PDDA (10 min exposure), followed by
nanohybrids in dilute condensed media and as integrative deposition of SWNTpyrene" and CdTe (60 min exposure).
components at electrode surfaces. Strong electronic interactions Photoelectrochemical Measurements?hotoelectrochemical mea-
in the ground and excited state are responsible for favorame_surements were carried out in a three-arm cell that had provision to
charge-transfer characteristics. Subsequently, electrostatic anc'qusert a working electrode (ITO), counter (Pt gauze), and reference Ag/

. . R gCl (KCI 0.1 M) (when bias voltage was applied). The electrolyte
van der Waals interactions, between the individual components, ~ 5’1 m NaPQ, and either N or O, was bubbled into the solution

(i.e., polyelectrolyte, CNT/pyrerie and CdTe), have been 5 1015 min prior to photoelectrochemical measurements. The
employed for the sequential integration of photoactive layers yoltage was applied using a Princeton Applied Research, model 175
into novel hybrid cells. In response to visible light irradiation, galvanostat/potentiostat. Photocurrent measurements were carried out
appreciable photoelectrochemical device performances wereusing a two-electrode Keithley model 617 programmable electrometer
registered. Important is that depending on the sequence ofimmediately after illumination. A collimated light beam from a 150
deposition, namely, CNT/pyrefiged CdTe or red CdTe/CNT/ W xenon lamp was used for UV illumination. When white light was

pyrené, the photocurrent mechanism is altered, as Scheme 2used, a 375 nm cut filter was used. When recording a photoaction
demonstrates spectrum, a Bausch and Lomb high-intensity grating monochromator

) ) ) was introduced into the path of the excitation beam for selecting the
Highest monochromatic IPCEs, of up to 2.3%, were registered required wavelengths. The incident photon to current conversion

for hybrid cells consisting of single SWNT/pyretieed-emitting efficiency (IPCE), defined as the number of electrons collected per
CdTe stacks. Considering the simplicity and universality of our incident photon, was evaluated from short circuit photocurrent measure-
approach, combined with the useful efficiency found for single ments at different wavelengths versus the photocurrent measured using
stack coverages, we believe we have demonstrated a poten Photodiode of the type PIN UV 100 (UDT Sensors Inc.).
alternative in fabncayng photpactwe_ mole_c_ular devices. Cur-  acknowledgment. This work was carried out with partial
rentlly, we are exploring aqd fine-tuning critical feaFures, s_uc.h support from the EU (RTN network “WONDERFULL"), MIUR

as |mproved charge carriers and/or redox gradient, within (pR|N 2004, prot. 2004035502), SFB 583, and the Office of
multistack LBL nanoconstructs. Basic Energy Sciences of the U.S. Department of Energy. This

(24) Mamedov, A. A,; Belov, A.; Giersig, M.; Mamedova, N. N.; Kotov, N. A. (25) Hug, G. L.; Wang, Y.; Scheich, C.; Jiang, P.-Y.; Fessenden, R.Rediat.
J. Am. Chem. So@001, 123 7738-7739. Phys. Chem1999 54, 559.
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is Document NDRL-4643 from the Notre Dame Radiation current spectra, and—V characteristics. This material is
Laboratory. available free of charge via the Internet at http://pubs.acs.org.

Supporting Information Available: Absorption spectra,
fluorescence spectra, differential absorption spectra, photoactive]JA0550733
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