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Photoinduced electron transfer from conjugated polymers to CdSe nanocrystals
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We study photoinduced electron transfer from derivatives of (pgbhenylenevinylene(PPV) and nano-
crystals of cadmium selenide via photoluminescefieke) quenching and photoinduced absorptid?lA)
spectroscopy. Using size-dependent quantum confinement to vary the energy levels of the nanocrystal accep-
tors, and chemical substitution to vary the energy levels of the polymer donors, we present a systematic
investigation of charge transfer in these polymer/quantum-dot composites. We observe efficient PL quenching
in blends of poly2-methoxy-5¢2’ -ethyl-hexyloxyp-phenylenevinyleng (MEH-PPV) with nearly monodis-
perse CdSe samples for nanocrystal diameters from 2.5 to 4.0 nm. The observed PIA peaks, as well as their
frequency and temperature dependence, are consistent with the formation of long-lived positive polarons on
MEH-PPV following electron transfer to the nanocrystals. Both the PL quenching and the PIA features are
insensitive to nanocrystal size. We have also studied blends of CdSe nanocrystals of 2.5—4.0 nm diameter with
two high electron affinity cyano-substituted PPV derivatives. One of these polymers behaves similarly to
MEH-PPV; however in the other polymer, which has different alkoxy side chains, we find neither efficient PL
guenching nor any PIA features indicative of charge transfer. We explain the insensitivity of the electron
transfer process to nanocrystal size in the context of the relevant polymer and nanocrystal energy levels and
discuss the influence of the polymer side chains on the charge-transfer pf@&#83-182809)13215-9

. INTRODUCTION organic-dye-sensitized nanocrystalline Figarticles!
Semiconductor nanocrystals, like conjugated polymers,

Photoinduced charge separation is a process of centragépresent a class of low dimensional compounds with inter-
importance in the field of polymeric semiconductors: itsesting optical, electronic, and physical properffes?
study not only contributes to our understanding of the basidNanocrystals have an exceptionally large surface area to vol-
photoexcited states in these “one-dimensional” semiconducume ratio when compared with bulk materials. This property
tors, but is also of technological importance in the develophas received much attention in the study of Ti@nocrystal/
ment of efficient nonlinear opticef and photovoltaic polymer composites because it provides a remarkable
devices®~® Conjugated polymers are a class of materials thaamount of internal surface area at which charge transfer can
show great promise in these areas, both because they cancur. When the size of the nanocrystal is smaller than that
easily be processed to form large-area devices and becauskthe exciton in the bulk semiconductor, the lowest energy
their energy gaps and ionization potentials can readily beptical transition is significantly blueshifted due to quantum
altered by chemical modification of the polymer chain. De-confinement. Because the chemical synthesis of II-VI semi-
spite this promise, single-layer polymer devices generall}conductors such as CdSe can produce monodisperse samples
exhibit a low efficiency in converting incident photons into of various sized nanocrystai3® quantum confinement ef-
electrical charges. This is because the dominant photogendiects can be used to tune the optoelectronic properties, in-
ated species in most conjugated polymers is a neutral exceluding both band gap and electron affinity, of the resulting
ton. Since these neutral excitations can be dissociated at aemiconductor quantum dots. This is particularly useful for
interface between the polymer and an electron accepting spéhe study of photoinduced charge separation in compo¥ites.
cies, charge separation is often facilitated via inclusion of &or CdSe nanocrystals, which can be prepared with diam-
high electron affinity substance such ag @Refs. 5 and por  eters in the 6—2-nm range, the optical gap can conveniently
a cyano-substituted polymé&f.Common features of all such be tuned through a large part of the visible specti@mom
successful charge-separation-enhancing materials includ®-2.6 e\j. Recently, it has also been shown that nanocrys-
both an electron affinity high enough to make charge transfetals of CdSe can act as efficient electron acceptors when
energetically favorable and the ability to form blends with blended with the semiconducting polymer MEH-PPV, yield-
morphologies that allow a high percentage of the excitons ting photovoltaic devices with quantum efficiencies of up to
encounter an interface within their typical diffusion range 0f12%?2
5-10 nm® In addition, the charge-separation process must be The use of CdSe nanocrystals as electron acceptors in
fast enough to compete with the radiative and nonradiativgpolymer blends provides unique advantages to the study of
decay pathways of the singlet exciton, which typically occurphotoinduced charge separation. Because the nanocrystal
on time scales of 100—1000 psAnother class of electron surfaces can be modified through the addition or removal of
acceptors with the potential to fulfill these requirements,organic ligands without altering the intrinsic electronic prop-
nanocrystalline inorganic semiconductor particles, has reerties of the nanocrystals, there exists the possibility to alter
ceived recent attentioht’ partly as a result of the report by the blend morphology or to introduce a controlled spatial
O’Regan and Gitel of efficient solar cells based on barrier to charge transfer while still retaining the size-tunable
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FIG. 1. Structures of the polymers used in these experimétdEH-PPV, (b) MEH-CN-PPV, (c) DHeO-CN-PPV, along with the
photoluminescencéPL) and absorption spectra of the polymddashed lings overlaid with the absorption spectra of the 4.0- and

2.5-nm-diameter nanocrystaisolid lines.

properties of the quantum dots. Perhaps more importantly,
because the energy levels of the host polymers can be tuned
through chemical derivatization of the backbone chains, an
the energy levels of the nanocrystals can be tuned throug
size-dependent quantum confinement effects, blends of t
two materials offer the possibility of careful and independentS

positioning of both donor and acceptor levels.

In the present study we have explored a systematic serieg)_\yorkerst®
of conjugated polymer/nanocrystal composites based on thg,

method of Murray et al

I-’15

Il. EXPERIMENT

The structures of the polymers used, MEH-PPV, DHeO-
N-PPV, and MEH-CN-PPV, are shown in Fig. 1. All three
olymers were used as received and dissolved in chloroform.
early monodisperse samples of CdSe nanocrystals were
ynthesized by the tn-octylphosphine-oxide (TOPO

as modified by Katari and

The TOPO surface ligand was removed from
e CdSe samples by washing the nanocrystals three times

three polymers MEH-PPV, DHeO-CN-PPV, and MEH-CN- yjith methanol and then three times dissolving them in the
PPV (Fig. 1), blended with a size-selected series of 2.5-,minimum quantity of pyridine and precipitating them with
3.3-, and 4.0-nm-diameter CdSe nanocrystals. Photoluminegexanes. Displacement of the surface ligand with pyridine is
cence(PL) quenching measurements and steady-state photexpected to remove approximately 90% of the TOPO origi-
induced absorptiorfPIA) spectroscopy have been used tonally bound to the surfacé§;!” and has been shown to in-
detect and characterize the charge-transfer process in thesease charge separation efficiency at polymer/CdSe
composites and the morphologies of the blends have beednterfaces. The final nanocrystal precipitate was dissolved in
chloroform without drying. Both nanocrystal and polymer

examined by transmission electron microsc@pfM).
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solutions were filtered with 0..xm PTFE filters. Solution 0.15
concentrations were subsequently determined by evaporating
known volumes to dryness and then weighing. Solutions
were mixed to obtain the desired weight ratios of nanocrystal
to polymer and then films were obtained by spin coating in a
nitrogen dry box at approximately 2000 rpm. PL efficien-
cies were measured under nitrogen flow using an integrating
sphere, as described elsewh¥ &xcitation for the PL mea-
surements was provided by an argon-ion laser operating as
near to the polymer absorption maximum as possiéither
458 or 488 nmwith a power of approximately 1 mW. ooo L1t o1 w0

PIA measurements were performed with the samples 0 10 20 30 40 50 60 70
mounted in a helium flow cryostat fitted with a heating ele- 06 — ,Wel'ght, /"ICdS,e ——
ment and temperature controller. Temperature was moni-
tored separately with a calibrated Si diode located near the
sample. The experiments used standard phase-sensitive tech-
nigues with a mechanically chopped argon-ion laser operat-
ing at 458 or 488 nm as the excitation source. Typical laser
intensity was approximately 20 mW crh Detection was
provided by a silicon photodiode, or a liquid nitrogen cooled
InAs photodiode, depending on the wavelength rafi®—
1000, and above 1000 nm, respectiyelractional photoin-
duced changes in the sample transmittanad /() were 0 I T .
monitored as a function of wavelength using a lock-in am- 0 10 20 30 40 50 60 70
plifier. The phase of the lock-in amplifier was set so that the weight % CdSe

i i i 04 —r——T——T T T T 1

polymer PL signal, which occurs on a time scale of less than
1000 ps, appeared entirely as a positive signal inXHa-
phase channel. Induced absorptions due to long-lived ex-
cited states thus appeared as a negative signal iX ten-
nel accompanied by a positive signal in tHg90° out-of-
phase channel. In the data presented here, the PL signal has
been subtracted by measuring it separately from the PIA sig-
nal at each wavelength. Samples were kept at all times in
either an inert atmosphere or under dynamic vacuum, to
avoid photo-oxidation. ol e,

Transm_lss_lon electron_ mMicroscopyEM) was performed o 10 20 30 40 5 6 70
on very thin films(approximately 10—20 njrusing a JEOL- weight % CdSe
2000 microscope operating at 200 kV. Films were prepared
by spin coating onto glass slides, scoring the films, and then FIG. 2. Photoluminescence efficiencies of blends@fMEH-
floating them onto the surface of a water bath. The filmsPPV,(b) MEH-CN-PPV, andc) DHeO-CN-PPV with CdSe nanoc-

were then transferred to holey carbon grids for measuremenfystals of 2.5(squares 3.3 (circles, and 4.0(diamond$ nm in
diameter.
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Ill. RESULTS AND DISCUSSION

A. Photoluminescence quenching to quantum confinement, these data indicate that the electron
/affinity of even the smallest CdSe nanocrystals is sufficient
%0 allow electron transfer from MEH-PPV. This interpreta-
lon is supported by an examination of the electron affinities
(EA’s) of both the polymer and the nanocrystal.

Charge transfer from polymer to nanocrystal will be en-
grgetically favorable if

Figure 2 shows the PL efficiency of CdSe nanocrystal
conjugated polymer composites with nanocrystal diameter
of 2.5, 3.3, and 4.0 nm. With MEH-PPV and MEH-CN-PPV
there is significant quenching of the PL with increasing
nanocrystal concentration. With DHeO-CN-PPV, however,
the quenching is much less pronounced, especially for th
smaller nanocrystal sizes.

PL quenching provides evidence for charge transfer, be- Ehanocrystal™ Epolymer™ U polymer— Veharge ranster (1)
cause once the singlet exciton has been dissociated, it can no
longer decay radiatively to the ground state. Indeed, PlwhereU ,qyme is the Coulombic binding energy of the sin-
quenching with MEH-PPV and 5-nm-diameter CdSe nanocglet exciton on the polymer and age transrelS the Coulom-
rystals was observed previouslyand was attributed to bic energy associated with attraction between electron and
charge transfer at the polymer/nanocrystal interface. Heréhole in the final, charge-separated state. In general, we ex-
we observe similar behavior over an entire size series opectU p,ymeto be significantly larger thaW charge transter dU€
decreasing diameter nanocrystals. Although we expect theo the increased average electron-hole separation in the
smaller nanocrystals to possess lower electron affinities dueharge-separated state.
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For the nanocrystals, we extrapolate from the bulk cad-
mium selenide EA of 4.87 eVRef. 19 and use the
effective-mass approximatihto estimate that 80% of the
experimentally observed band-gap shift occurs in the con-
duction band. This yields nanocrystal EA’s in the range of
4.4-4.7 eV for nanocrystal sizes of 2.5-5 nm. The negative
polaron level in MEH-PPV has been estimated at 3.0 eV via
electroabsorption measuremefitsAlthough only approxi-
mate, the calculated difference in EA’s of 1.4—1.7 eV clearly
provides a significant driving force for electron transfer from
the polymer to nanocrystals of any size. There is still con-
siderable controversy as to the magnitude of the Coulombic
binding energy of the singlet exciton in PPV and its deriva-
tives, but we note that even a binding energy as large as 1 eV
would be insufficient to prevent charge transfer. We there-
fore find the calculated difference in EA’s to be consistent
with the strong PL quenching that is observed for all CdSe
nanocrystal sizes in MEH-PPV.

In DHeO-CN-PPV, the PL efficiency remains largely un-
affected by the addition of nanocrystals. Cyano-substitution
withdraws electron density from the conjugated backbone,
increasing the EA of the polymer. However, the lack of PL
guenching in the DHeO-CN-PPV composites is still difficult
to understand in the context of the above discussion of rela- FIG. 3. TEM images ofa) MEH-CN-PPV and(b) DHeO-CN-
tive EA’'s. DHeO-CN-PPV has an EA that has been meaPPV blended with 20% weight of 4.0-nm-diameter CdSe nanocrys-
sured by cyclic voltammetry to be roughly 0.5 eV larger thantals. Film thicknesses are 10-20 nm.
that of MEH-PPV2? Therefore, one would expect the nano-
crystals to possess an EA that is at least 0.9 eV larger than
that of the DHeO-CN-PPV polymer. In such circumstancesCN-PPV. Variations in film thickness complicate any quan-
one would expect charge transfer and PL quenching to occutitative comparison of the images; however, for both types of
unless the exciton binding energy in DHeO-CN-PPV waspolymer, the images show phase separation only on the na-
extremely large. It is interesting to compare the DHeO-CN-nometer scale, with typical domain sizes of tens of nanom-
PPV results with those found for MEH-CN-PPV, which eters. Indeed, the images resemble those published earlier for
shows strong PL quenching. As seen in Fig. 1, MEH-CN-blends of 5-nm-diameter CdSe nanocrystals with
PPV has the same cyano-substitution as DHeO-CN-PPV anlEH-PPV? We therefore discount the possibility that gross
is thus expected to have highest occupied molecular orbitgdhase separation prevents excitons from being able to diffuse
(HOMO) and lowest unoccupied molecular orbitalUMO) to a nanocrystal/DHeO-CN-PPV interface.
levels very close in energy to those of DHeO-CN-PPV. Itis In Fig. 2, we have shown the PL as a function of nano-
therefore clear that the lack of charge transfer from thecrystal concentration by weiglitather than by number den-
DHeO-CN-PPV to the nanocrystals cannot be related solelgity), and we find that the shape of the curves is not strongly
to the cyano-substitution of the polymer. The difference be-dependent on nanocrystal size. This choice is based on the
tween MEH-CN-PPV and DHeO-CN-PPV is in the alkyl morphology observed in the TEM, which shows that the
side chains that are used to confer solubility to the polymerspanocrystals are aggregated rather than dispersed. It is there-
and we thus conclude that these side chains play an impofere the weight or volume fraction of nanocrystals present
tant role in the regulation of charge transfer. This conclusiorthat determines the quenching behavior, rather than the num-
is also consistent with the results of recent studies of photober of nanocrystals per unit volume.
excitation dynamics in g/polymer blend$? A second possible reason for the lack of charge transfer

There are several possibilities as to the origin of the infrom DHeO-CN-PPV is related to interchain interactions. It
fluence of the alkyl chains on the charge-transfer processas been shown that in cyano-substituted polymers and oli-
One possibility is their effect on phase separation: if the dif-gomers with symmetric alkoxy side chains, close interchain
fering side chains resulted in large-scale phase separati@pacing can lead to the delocalization of excitons across sev-
(with nanocrystal and polymer domains much larger than theral chaing? In the solid state, this formation of lower en-
average exciton diffusion rangeonly a few excitons would ergy interchain excitons has been observed on picosecond
be able to diffuse to the CdSe/polymer interfaces and béime scale€®>?® It is therefore likely that many excitons de-
dissociated. The result would be minimal charge separatiotocalize before they diffuse to a polymer/nanocrystal inter-
or PL quenching. The spin-coated films were of good opticaface. If the added stability of the interchain species were
quality, indicating no phase separation on the micron scalesufficient to prevent charge transfer, the effects of interchain
To examine the structure of the blends on the nanometespacing would explain the lack of PL quenching in the
scale, TEM was performed on blends of nanocrystals wittDHeO-CN-PPV blends. A large Stokes shift and a lack of
both DHeO-CN-PPV and MEH-CN-PPV. The images in Fig.vibronic structure in the emission are both commonly asso-
3 show similar morphologies for DHeO-CN-PPV and MEH- ciated with interchain excitorf$;?® and are both features
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FIG. 4. PIA spectra of pristine DHeO-CN-PP{dashed ling 10 R L s
and a 40% weight 4.0-nm-diameter CdSe nanocrystal blend with (b) 1
DHeO-CN-PPV(solid ling), both measured at 10 K. The upper two - ]
curves(positive AT/T) are theY-channel components of the sig- _4 i
nals, while the lower twgnegativeAT/T) are theX-channel com- 10" F 15K E
ponents. E F 3
= F 160 K ]
more strongly evident in DHeO-CN-PPV than in MEH-CN- 10° L <
PPV, indicating that interchain interactions are much more 3 245K ]
important in DHeO-CN-PPV. This provides a possible ex- [ ]
planation for the difference in PL quenching behavior be- : 1
tween the two polymers. However, the stabilization energy g NPT BT BT
associated with interchain exciton delocalization is likely to 10° 10° 10* 10°
be small compared with the difference in EA’s driving the ® (rad/s)
charge transfer, and is therefore unlikely to be sufficient to
prevent charge transfer. FIG. 5. (a) Temperature dependence of the PIA signal for pris-

The final, and most likely, explanation for the lack of PL tine DHeO-CN-PPV(dashed ling and a 40% weight 4.0-nm-
quenching in the DHeO-CN-PPV composites is that the presdiameter nanocrystal blend with DHeO-CN-PRS6lid line). (b)
ence of the dihexyloxy chains on both sides of the polymetl:ﬁq;‘g\r}fy dependtevctz)tla of DHeO-CI:I-lZBwltégre}sa(;\dZZ;e}?HeO_-
prevents a nanocrystal from approaching sufficiently close t&\-7PV/nanocrystal blen(trossesat 15, 160, an » 8s In-
the conjugated backbone to allow charge transfer to occu icated in the figure. The solid lines at each temperature represent

. . _fits of Eq. (2) to the data, withr=0.21, 0.13, and 0.05 ms as
Although charge transfer is thermodynamically favorable, .Itdiscussed in the text. The data and fits have been offset for clarity

is prevented from happening by a kinetic barrier. This ISy a factor of for the two warmer temperatures
consistent with the fact that an 11 A alkyl barrier surround- Y 2 P '

ing CdS and CdSe nanocrystals, in the form of ntri-

octylphosphine oxide, is sufficient to prevent charge o
transfer® being the large subgap absorption induced near 1.2 eV. Ear-

Finally, we note that where there is overlap between thdier PIA studies on DHeO-CN-PPV have attributed this peak
polymer emission spectrum and the nanocrystal absorptiol® an absorption from a triplet exciton to a higher-lying trip-
spectrum(Fig. 1), there exists the possibility of Ester trans-  let state?’
fer of the exciton to the nanocrystal. This effect has been Because the triplet absorption commonly appears in the
observed in polymer/nanocrystal blends betamed can lead same spectral range as the polaron induced subgap absorp-
to PL quenching, either through nonradiative decay in theions in PPV derivatives, we also investigated both the tem-
nanocrystal or through subsequent hole transfer to the polyperature and frequency dependence of the 1.24 eV signal to
mer. In DHeO-CN-PPV, we attribute the weak PL quenchingdetermine if it was the product of only a single species. As
observed with the largest nanocrystals todter transfer fol-  shown in Fig. %a), the temperature dependence of the PIA
lowed by nonradiative decay in the nanocrystals. This intersignal at 1.24 eV was found to be identical for both samples
pretation is supported below by our PIA measurements. i, the range from 10 to 300 K. Figure(§ shows the fre-

quency dependence of the 1.24 eV PIA signal in both DHeO-
B. Photoinduced absorption(PIA) spectroscopy CN-PPV samples at temperatures 15, 160, and 245 K. As in

The PIA spectra of pristine DHeO-CN-PPV and of aFig. 5@), the behavior of the DHeO-CN-PPV and of the
blend of DHeO-CN-PPV with CdSe nanocrystals are showrpolymer/nanocrystal blend are identical.
in Fig. 4, as measured at 10 K. Both samples show nearly The frequency dependence of the magnitude of the PIA
identical PIA spectra over the range from 0.7 to 2.0 eV forsignal, S, resulting from a single species undergoing mono-
both X andY channels, with the main feature of the spectramolecular decay with a single lifetimeis given by
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LI LU B I B ML B I The room-temperature PIA spectra for pristine MEH-PPV
and for blends with 2.5- and 4.0-nm-diameter nanocrystals
are shown in Fig. @). As expected, MEH-PPV shows no
detectable PIA features at room temperature because of the
strong temperature dependence of the triplet exciton lifetime.
In contrast, both nanocrystal composites show several dis-
tinct features. These include a broad peak in the infrared near
1.3 eV, another in the visible at 2.0 eV, and a third peak
beginning to grow in below 0.7-0.5 eV whose maximum is
apparently too far into the infrared to be observed with our
apparatus. Earlier PIA studies of ¢{IMEH-PPV
L bl\(/and§';8;:’]°allowkus con_fidentlybtcl) ide(r;ti;y t{}e peatlg ath;.s;]
eV, an e peak growing in below 0.5 eV, as the high-
0.6 08 1.0 é‘nzerg;,'év; 6 18 20 22 energy (HE) and low-energy(LE) features associated with
charge on the polymer chain. Positive charge on the polymer
3 leads to distortions of the conjugated backbone, generating
(b) self-localized polarons. These create the states within the
m-7* gap responsible for the LE and HE absorption fea-

i tures. The absorption near 2.0 eV has also been observed in
0.5eV 3 PIA studies of MEH-PPV/g, blend$°3° where it has been
] termed the electroabsorption peak, because of its similarity

1.34 eV 1 to features seen in electroabsorption experiments.

- If positive polarons on the polymer chain interacted

3 strongly with the electrons on the nanocrystals, one might

expect some modification of the PIA spectra depending on

the size of the nanocrystals. As Fig@p shows, both the

10 R Y magnitude and position of the peaks are unchanged between

10" o (radis) 10 the largest4.0-nm-diameterand smallest2.5-nm-diameter

nanocrystals used in this study. We therefore do not find any

FIG. 6. (8) Room-temperature PIA spectra of MEH-PR30lid  evjidence for an electron-polaron interaction that is affected

line), a blend of MEH-PPV containing 40% weight of 4.0 nm CdSe by nanocrystal size.

nanocrystals(long dashes and a blend of MEH-PPV and 40% The frequency dependence of the LE and HE signals at
weight of 2.5 nm CdSe nanocrystdihort dashes (b) Frequency 4oy temperature for both 2.5- and 4.0-nm nanocrystal/
dependence of the 1.34 eV signal in pristine MEH-PPV at 10 Ky\e1y ppy/ plends is shown in Fig.(B). It is clear that the
(trlangleg, along with that of the 0.5 and 1.34 eV featgres from thefrequency dependence of the blend signals does not follow
blend with 4.0 nm nanocrystalex) and the blend with 2.5 nm hat ted for monomolecular decay kinetics. In the low-
nanocrystalg+). The straight lines are power-law fits to the data, that expec .. . y Co .
with exponents from-0.4 to —0.5. frequency I|r_n|t 7<), Eq.(2) predicts an absc_)rptlon sig-
nal that is independent of frequency, while in the high-
frequency limit @7>1), Eq. (2) yields a signal which is
proportional tow . Although the functional form is more
klr complicated, a similar frequency dependence is expected for
S(w,7)= N (2 bimolecular decay" Instead, the observed signals exhibit an
T o~ %% dependence over the measured range from 100 to 4000
Hz. This w~%° dependence has been reported before for po-
larons in PPV and its derivativé$,and deviations from
where w is the angular chopping frequendyjs the pump single lifetime monomolecular and bimolecular decay have
intensity, andk is a constant proportional to the absorption been observed in a recent study of sintered nanocrystalline
cross section of the species. The solid lines in Fig) 8ep-  TiO, and MEH-PP\23 In both instances the deviations have
resent fits of Eq(2) to the PIA data for DHeO-CN-PPV. The been attributed to the presence of a wide distribution of po-
excellent agreement at all temperatures between the fits ataron lifetimes. We find that a distribution of five monomo-
the data for the pristine DHeO-CN-PPV and nanocrystalecular decays is sufficient to exactly reproduce the’®
blends suggest that a single triplet species is indeed respodependence over the range of frequencies covered in our
sible for the observed PIA signal. The fits yield temperature-experiments. Unfortunately, with so many free parameters a
dependent triplet lifetimes of 0.21, 0.13, and 0.05 ms infit becomes degenerate. Nevertheless, fromuth&® depen-
DHeO-CN-PPV at the temperatures of 15, 160, and 245 Kdence from 100 to 4000 Hz, we can conclude that the life-
respectively. time distribution must at least include components longer
The absence of any additional PIA due to charge-than several ms, as well as components shorter thanu$00
separated states in the DHeO-CN-PPV sample containing The temperature dependence of the 1.34 eV PIA signal is
nanocrystals, combined with the lack of efficient PL quenchshown for pristine MEH-PPV in Fig. (d). In the pristine
ing in the nanocrystal/DHeO-CN-PPV blend, strongly sug-polymer, no signal is observed above 150 K. However, be-
gest that electron transfer does not occur from this high eledew 150 K, a strongly temperature-dependent signal is seen
tron affinity polymer to CdSe nanocrystals. that grows in strength with decreasing temperature. Both
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This increase could be the result of either a longer polaron
lifetime or an increased generation rate. Because it is difficult
to imagine a means by which the polaron lifetime would be
enhanced as the temperature is raised, we conclude that the
growth of the PIA signal at higher temperatures is due to an
enhancement of the charge separation as the sample is
warmed. However, the complex shape of the temperature
dependencéwith the shoulder at 200 Ksuggests that both

the polaron lifetime as well as the generation rate may be
changing with temperature. Future studies may clarify this
issue.

120 160 200 240 280

We note that the observation of triplet excitons in MEH-
PPV/nanocrystal blends at low temperatures contrasts with
the behavior observed in MEH-PP\}{blends, where the
triplet signal is completely quenchédThe observation of a
triplet signal in our blends implies that the typical time scale
for charge separation is longer than the time scale for triplet
exciton formation. Along similar lines, we note that the
guenching of the PL in nanocrystal blends is much less com-
plete than in @ blends. This lack of complete quenching is
consistent with the morphology of the nanocrystal blends
described above, which show phase separation on the scale
of tens of nanometers, compared with the typical exciton
diffusion range of 5-10 nifi.A finite fraction of excitons
may therefore undergo radiative decay or intersystem cross-
ing before diffusing to a nanocrystal interface where charge
separation may occur.
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FIG. 7. (@) Temperature dependence of the PIA signals for
MEH-PPV at 1.34 eV(short dashesand for the MEH-PPV/40%
weight 4.0 nm CdSe nanocrystal blend at 1.34(sdlid line) and at
0.5 eV (long dasheks (b) PIA spectra observed in the MEH-PPV/
40% weight 4.0 nm CdSe nanocrystal blegblid line) at room
temperature, next to the PIA spectra of pristine MEH-PPV at 10 K
(the curves have been normalized so that their peakannel sig-
nals are equal

IV. CONCLUSIONS

We have explored photoinduced charge transfer in a se-
ries of conjugated polymer/CdSe nanocrystal composites.
We have observed efficient charge separation leading to PL
quenching in blends of nanocrystals with the polymers
from its strong temperature dependence and the shape of tiMEH-PPV and MEH-CN-PPV. We find that the efficiency
spectra at 10 KFig. 7(b)], we can confidently assign the of the charge separation is not sensitive to nanocrystal size, a
absorption centered at 1.3 eV to the triplet exciton seen imesult consistent with our estimates of the relative energy
previous studies of MEH-PP¥. level placements between the polymers and the nanocrystals.

Figure Ta) shows the temperature dependence of the PIAUsing PIA, we have observed long-lived positive polarons in
signal in an MEH-PPV/nanocrystal blend at both 0.50 andblends in MEH-PPV and CdSe nanocrystals. We find a dis-
1.34 eV. At 0.50 eV, the signal is weakly temperature de-tribution of polaron lifetimes, spanning time scales less than
pendent, rising steadily in strength from 100 K up to 300 K,100 us to greater than several ms, and find that the long-
with a pronounced shoulder at 200 K. Since the triplet ablived polaron states persist even at room temperature. In
sorption is negligible at this energy, we identify this tem- blends of DHeO-CN-PPV with CdSe nanocrystals, however,
perature dependence with that of the LE polaron feature. Aive have observed neither significant PL quenching nor any
1.34 eV, in the low-temperature regime, the signal shows #IA signhals associated with polarons, and we conclude that
temperature dependence which is nearly identical to that ahe symmetric dihexyloxy side chains of this polymer inhibit
the triplet in the pristine polymer. Above 120 K, however, electron transfer to the nanocrystals. We have examined sev-
the HE signal shows a component not present in the pristineral possible causes for this behavior, and we suggest the
polymer, which instead resembles the temperature depemsrangement of the alkyl side chains in DHeO-CN-PPV pro-
dence of the LE polaron feature. Because the HE signal ocsides a spatial barrier which inhibits charge transfer. Further-
curs at the same energy as the main triplet-triplet absorptiomore, we find that the nanoscopic phase separation of the
of the pristine polymer, it is clear that the signal observed aCdSe/polymer composites provides an important framework
1.34 eV is the sum of two components, the relative contri-in which to interpret both the substantial, yet incomplete, PL
bution of which depends on the temperature. At low tem-quenching of the MEH polymers, as well as the coexistence
peratures it is dominated by the triplet absorption, whileof both triplet and polaron PIA features in various tempera-
above 150 K the weakly temperature-dependent absorptiocture regimes.
due to the presence of polarons becomes dominant. These results may be exploited in the rational design of

It is particularly interesting to note the increase in thenonlinear optical and photovoltaic devices based on
strength of the polaron signal with increasing temperaturenanocrystal/polymer composites. Because efficient charge
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transfer is observed for all nanocrystal sizes, quantum corprocess presented here thus provide important information
finement effects could be used to tune the properties ofor use in the design of photovoltaic devices.
nanocrystal/polymer blendge., to optimize voltage offsets,
absorption maxima, or charge-transport propeytiasthout
adversely affecting charge separation. In a photovoltaic de-
vice based on a nanocrystal/polymer blend, recombination of
polarons on the polymer with electrons on the nanocrystals We thank V. M. Cleave, P. K. H. Ho, and B. A. Weir for
represents the primary mechanism by which efficiency isxperimental assistance, and Dr. S. C. Graham for valuable
lost. To achieve high efficiencies, the charge carriers must bdiscussions. We thank the Melville Laboratory for Polymer
extracted from the device before recombination can occurSynthesis and Cambridge Display Technology for the supply
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