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Charge- and energy-transfer processes at polymer/polymer interfaces:
A joint experimental and theoretical study

J. J. M. Halls
Cavendish Laboratory, Cambridge University, Madingley Road, Cambridge CB3 OHE, United Kingdom

J. Cornil and D. A. dos Santos
Service de Chimie des Maiaux Nouveaux, Centre de Recherche en Electronique et Photoniquewites,
Universitede Mons-Hainaut, Place du Parc, 20 B-7000 Mons, Belgium

R. Silbe
Service de Chimie des Mai@ux Nouveaux, Centre de RZcherche en Electronique et Photoniquewites,
Universitede Mons-Hainaut, Place du Parc, 20 B-7000 Mons, Belgium
and Department of Chemistry, Center for Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

D.-H. Hwang and A. B. Holmes
Melville laboratory for Polymer Synthesis, Pembroke Street, Cambridge CB2 3RA, United Kingdom

J. L. Bradas
Service de Chimie des Mataux Nouveaux, Centre de Recherche en Electronique et PhotoniqueNtes,
Universitede Mons-Hainaut, Place du Parc, 20 B-7000 Mons, Belgium

R. H. Friend
Cavendish Laboratory, Cambridge University, Madingley Road, Cambridge CB3 OHE, United Kingdom
(Received 14 December 19908

When an exciton approaches the interface between two conjugated polymers, either energy or charge trans-
fer can take place. We present a detailed experimental investigation of these processes in various binary
polymer systems. The results are interpreted in the context of quantum-chemical calculations that provide
estimates of the relative energies of intrachain versus interchain excited states in pairs of various PPV-related
chains. In particular, we show that charge-transfer occurs at the interface between MEH-PPV and a cyano-
substituted PPV derivative, whereas energy transfer takes place at the interface of PPV with the same cyano-
substituted polymel.S0163-182609)08031-3

[. INTRODUCTION strated that the separation of oppositely charged photogener-
ated carriers is efficient at the interface between certain ma-
There is growing evidence that the main photogenerateterials having different ionization potentials and electron
species in conjugated polymers are intrachain excitonsffinities. The effect was first reported in the early 1950s;
which correspond to electron-hole pairs bound by the Couerganic dyes adsorbed on the surface of inorganic semicon-
lomb interaction. Polymer/polymer interfaces play an impor-ductors were shown to sensitise this material, giving an ad-
tant role in organic electronic devices that use polymers irditional photoresponse in the spectral range associated with
multilayer or mixture configurations; it is the behavior of the inorganic photoconductdrGol'dman and Akimov sen-
excitons when they encounter such an interface that makstised Agl with a variety of dye$and Nelson observed that
these systems function efficiently as light-emitting devices othe photoconductivity of CdS in the red and near infrared
cells for solar energy conversion or light detection. When arwas enhanced by sensitisation with cyanine dyéswas
exciton located on a conjugated chain reaches the interfacgrgued that the conduction band of the dye lies above that of
with a second polymer, one of the following processes car©dS, such that electrons photoexcited in the organic com-
occur: (i) the exciton is transferred to the second materialjpound are transferred to CdS. Interest was renewed in the
where it may decay radiativelfthen giving luminescence 1980s when Tang combined two molecular semiconductors
characteristic of the second polymanr nonradiatively;(ii)  in a photovoltaic cell and observed a strong-photovoltaic
the exciton dissociates by transfer of a single charge to theffect? Tang proposed that the high-local field at the hetero-
second material, leaving behind an opposite charge in thginction interface favors the dissociation of excitons that dif-
first material; or(iii ) the exciton remains in the first material fuse towards it. Recently, conjugated polymers have been
where it decays radiativelthen giving luminescence char- combined with molecular electron acceptors, such gs 0
acteristic of the first polyméror nonradiatively. make efficient photovoltaic celfs®
Early work on molecular semiconductors has demon- Work carried out independently in Cambridge and Santa
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(a) PPV

ments using a silyl-substituted polymer, DMOS-PPV, a
soluble derivative of PPV, which has electronic properties
very similar to those of PPV and can be used in blends with
CN-PPV.

In the second section of this paper we review experimen-
tal evidence for charge and energy transfer in the three
(c) CN-PPV polymer/polymer systems that are investigated. In the third

section, we use the relative energies of the frontier levels,

calculated at a quantum-chemical level for each component

of the composites, to illustrate that charge or energy transfer

/_/—/I can take place at the interface between the two chains; in this
\

VA model, we highlight the role played by the polarization ef-

fects, which are highly significant in these dielectric materi-
%( />ﬁ ) als.
,. N
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II. EXPERIMENTAL INVESTIGATIONS

(b) MEH-PPV (d) DMOS-PPV A. Experimental method

_ Evidence for charge and energy transfer was obtained
FIG. 1. Chemical structures ¢&) PPV, (b) CN-PPV,(c) MEH-  from photovoltaic and photoluminescence measurements.
PPV, and(d) DMOS-PPV. Photovoltaic cells were fabricated by spin coating the poly-
mer systemwhich consisted of one or more polymers in a
Barbara has demonstrated that efficient polymer photovoltaittyered or blended structyreonto ITO-coated glass
cells can be fabricated from blends of pd@ymethoxy- substrate$?~1° which act as the hole collecting electrodes.
5-(2'-ethyl-hexyloxy-p-phenylenevinylene], ~MEH-PPV, The top electron-collecting contactaluminum or magne-
with a cyano-substituted PPV  derivative, poly Sium were subsequently deposited over the polymer layer
(2,5,2 ,5'-tetrahexyloxy-7,8-dicyano-di -p-phenylenevinyl- by thermal evaporation; the contacts create an electric field
ene, CN_PPV?:S the poiymer structures are depicted in Fig in the polymer matriX When the contacts are Connected to-
1. The enhanced response of these composite cells is attrigether in an external circuit. Cells were fabricated in a
uted to the efficient dissociation of excitons at the distributeditrogen-filled glovebox and characterized under vacuum.
interfaces between the two polymers. It is considered thafhe cells were illuminated through the glass substrate using
dissociation is caused by transfer of the electron to CN-PP\ xenon-arc lamp coupled to a single-grating monochro-
(which has the higher electron affinjtgr of the hole to the ~Mator; the light absorbed in a photocell generates excitons,
MEH-PPV (which has the lower ionization potential v_vhmh produce positive and negative charges upon dissocia-
Interfaces between different molecular materials have als§on. These charges relax to form oppositely charged po-
been expioited to drive energy transfer_ In the process ollﬁ.rons and move Un.der the |nﬂuence Of the |nterna| eIeCtrOde
photosynthesis, light is harvested and energy is channeled ft¢!d to the appropriate contacts; the charges are then col-
the reaction center by a system of dyes with overlappindected and a photocurrent is measured, here with a Keithley
emission and absorption bands, which are organised in a wéyd7 electrometer. _ _
that maximizes the interactions and encourages directional Thin polymer films for optical measurements were fabri-
energy transfer. The same cascading effect governs the ofated by spin coating “pure” or blended polymers in solu-
eration of red-green-blue organic full color displays based ofion onto quartz substrates. Absorption spectra were mea-
color conversion techniqués? Efficient polymer light- Sured using a Perkin-Elmer lambda-9 spectrophotometer.
emitting dIOdeiLED’S) have also been made by Combining Photoluminescence eff|C|ency measurements were made us-
CN-PPV with PPV in a double layer structufeThe high ing the integrating sphere technique, which is described in
efficiency is attributed to the recombination of electronsdetail elsewheré? The films were excited with an argon ion
(which accumulate in the CN-PPV layesith holes(which ~ laser and a charge-coupled device array spectronftee|
accumulate in the PPV layeacross the interface. Lumines- instaspec 1Y coupled to the integrating sphere analyzed the
cence from such an LED structure is orange, indicative ofMitted light.
radiative decay from CN-PPV; excitons formed in PPV ap-
pear thus to be transferred to the lowerband gap CN-PPV. B. Experimental results
There is, thus, evidence that charge transfer occurs in an :
MEH-PPV/CN-PPV composite Whegreas energy transfer Charge transfer at the MEH-PPV/CN-PPV interface
takes place in a PPV/CN-PPV blend. These examples dem- MEH-PPV and CN-PPV have similar band g&jasound
onstrate how a small change in the substitution pattend 2.1 eV with \ 5, around 2.5 eV and are both soluble in
therefore in the energies of the frontier leyetd one chain  chloroform. The electron withdrawing cyano groups attached
in a polymer/polymer system can lead to an abrupt change ito the backbone of CN-PPV increase its ionization potential
the behavior of an exciton at the interface between them. land electron affinity by approximately 0.5 eV relative to
this paper, we characterize in more detail, on the basis oMEH-PPV;’ this has been confirmed in a study by Fahlman
experimental and theoretical considerations, both of theset al!® and is supported by the results of quantum-chemical
polymer combinations. In addition, we include measure<alculations:® Polymer blend films were fabricated by spin
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FIG. 3. Short-circuit photocurrent quantum vyield plotted as a

FIG. 2. Dependence of the photoluminescence and photocurrefiinction of incident photon energy for three ITO/polymer/Al di-
on composition in MEH-PPV/CN-PPV systems. The open circlesodes; the polymers were CN-PRthickness of~1000 A), MEH-
show the absolute photoluminescence efficiencies of thin films oPPV (700 A) and a 1:1 MEH-PPV/CN-PPV blengB00 A). The
the composite, which were excited by an argon-ion laser at 488 nnquantum yields of the two homopolymer devices have each been
The filled circles show the quantum vyields of photovoltaic cellsscaled by a factor of 20. Shown for comparison is the proportion of
made using the MEH-PPV/CN-PPV composite as the active layerjght absorbed for two passes through the blend film, calculated as
sandwiched between electrodes of Al and ITO. The cells were exl—transmission(dotted ling. The absorption spectra of the two
cited with monochromatic illumination at 500 nm through the ITO homopolymers are similar to that of the blend, and, for sake of
contacts. clarity, are not shown here.

coating from a chloroform-based solution containing bothtion of the polymer close to the back metal contact. The
MEH-PPV and CN-PPV. Transmission and scanning tunnelCN-PPV cell(as well as the MEH-PPV cell at higher photon
ing electron microscopy revealed the formation of an inter-energies shows a response that increases steeply with in-
penetrating network of the two polymer phases within thecreasing excitation energy; this has been recently rational-
plane of the film’ ized by a joint experimental a_nd theoretical analy_5|s of the
Figure 2(open circles shows the absolute photolumines- ature of the excited states in PPV and derivatfeBy
cence efficiencies of five blends of different composition,contrast, the photoresponse of the blend photocell follows
along with those of the “pure” homopolymers. Values of the absorption spectrum of the composite film, indicating
10% and 32% are obtained for MEH-PPV and CN-PPV, rethat charge generation occurs throughout the bulk of the de-
spectively, whereas the luminescence in the blends is effitice and thus providing firm evidence for charge transfer at
ciently quenched to a level of 2% to 5% for mixtures con-the distributed MEH-PPV/CN-PPV interfaces.
taining 10% to 60% of CN-PPV. This significant though
incomplete quenching is consistent with the scale of phase Energy transfer at PPV/(.:N'PPV
separation and exciton diffusion range, which have been and DMOS-PPV/CN-PPV interfaces
shown to be both of order 10 nfn. The efficiency of PPV-based light-emitting diodes is lim-
Further evidence for the dissociation of excitons in theited by the relative difficulty of electron injection from a
blend driven by charge transfer, comes from the characterstable metal into the polymer layer; this arises from the low-
ization of polymer blend photovoltaic cells. Figure(fdled  electron affinity of PPV, which makes the barrier to electron
circles plots the external quantum efficien€satio of elec-  injection large compared to the barrier for hole injection.
trons out to photons jnof four polymer blend photocells of Efficient electroluminescent operation requires a balanced
different composition along with that of cells made from the electron and hole injection rate. Improvements in efficiency
“pure” polymers. The composite photodiodes have efficien-can be obtained by employing low-work function metals
cies in the range 1.5% to 4%we have measured efficiencies such as calciumt although their reactive nature makes these
up to 7% in devices of this typewhereas devices based on devices deteriorate rapidly in air. An alternative approach is
“pure” MEH-PPV and CN-PPV were considerably less ef- to use a chemically modified derivative of PPV with a higher
ficient, with values of 0.05% and 0.004%, respectively. electron affinity; by making a double-layer LED with CN-
Figure 3 shows the photocurrent action spectrum of phoPPV inserted between the PPV layer and the electron-
tovoltaic cells with active layers of CN-PPV, MEH-PPV, injecting electrode, electron injection into the polymer is
and a blend of the two, respectively. The photocurrent datenhanced! Electrons accumulate at the interface between
for the two homopolymer cells has been scaled by a factor oPPV and CN-PPV, and subsequently recombine with holes
20 so that it can be compared more easily with the photorelocated in the PPV layer. A stable aluminum contact can then
sponse of the composite device. The action spectrum of thiee used without sacrificing device efficiency. The high effi-
MEH-PPV device exhibits a peak at the onset of absorptiortiency of these double-layer LED’s and their orange emis-
in the polymer and a minimum where the absorption is highsion are evidence for the high probability of exciton forma-
est. This indicates that the photocurrent arises from excitation in CN-PPV at the PPV/CN-PPV interface.
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FIG. 5. Absorption and photoluminescence spectra of thin spin-
cast films of DMOS-PPMdotted lines, CN-PPV (dashed lines
qe}nd a 2:1 blend by weight of DMOS-PPV with CN-PR¥olid

ine).

FIG. 4. Short-circuit photocurrent action spectrum of an ITO/
PPM550 A)/CN-PPV1250 A)/Mg cell (dotted ling; the cell is il-
luminated through the ITO/glass substrate. The action spectrum
an ITO/PPVY600 A)/Mg diode is shown by a dotted line for com-
parison.

est occupied molecular orbitdHOMO) and lowest unoccu-

Double-layer PPV/CN-PPV photovoltaic devicgédenti-  pied molecular orbitalLUMO) levels of DMOS-PPV have
cal in structure to the polymer LED’s described abowere  been shown by cyclic voltammetry to be similar to those of
fabricated and characterized; the action spectrum of th®PV?Z° this is also supported by our quantum-chemical cal-
double-layer cell(solid line) and that of a cell fabricated culations performed at the semiempirical Hartree-Fock inter-
from PPV aloneg(dotted ling are shown in Fig. 4. It is evi- mediate neglect of differential overlapyNDO) level. The
dent that the double-layer cell is less efficient than the singleabsorption edge of the silyl-substituted polymer is slightly
layer cell (except below the bandgap of PPV where excita-blueshifted with respect to that of PPV; this is attributed to
tion of the CN-PPV chains contributes to the photocunient the steric effect of the bulky dimethyloctylsilyl side group.
indicating that efficient exciton dissociation driven by charge Solutions of DMOS-PPV and CN-PPV in chloroform
transfer does not occur at the interface. Indeed, the extraere mixed together to make a polymer blend solution with
layer appears to suppress the photocurrent. This is in tota composition of 2:1 by weight. The absorption spectra of
contrast with work carried out on photovoltaic cells using forthin spin-cast films of DMOS-PPV, CN-PPV, and the blend
example, the electron acceptog,Gn a double-layer struc- are shown in Fig. 5. The absorption spectrum of the blend
ture with PPV Photovoltaic quantum yields of up to 9% are corresponds to a simple superposition of features from the
obtained in devices of this type; this efficiency is some terabsorption spectra of the two homopolymers, thus indicating
times higher than in single-layer PPV cells. that there is no ground state charge-transfer interaction be-

PPV is intractable and has to be prepared via a solubleveen the two polymers.
precursor route, making its use in composites difficult; the The absolute photoluminescence quantum yields of the
precursor dissolves in methanol, whereas CN-PPV is solublthin-film samples are measured using the integrating sphere
in chloroform and is expected to be damaged by the highliechnique. The samples are excited with an argon ion laser at
temperatures involved in the thermal conversion process. Ira wavelength of 457.9 nrf2.71 e\j. The absolute quantum
vestigations of excitonic behavior at the interface of PPVyields of DMOS-PPV and CN-PPV samples are 63 and 33%,
with other polymers can only therefore be done in doubletespectively while 37% is measured for the blend. In contrast
layer structures. In order to better compare the characteristids the case of MEH-PPV/CN-PPV blends, the luminescence
of MEH-PPV/CN-PPV and PPV/CN-PPV systems, it is de-in the DMOS-PPV/CN-PPV blend is not efficiently
sirable to investigate the properties of a blend of PPV withquenched. We have thus strong evidence that exciton disso-
CN-PPV; in a composite, interfacial effects are more signifi-ciation driven by electron transfer to CN-PPV does not occur
cant owing to the large number of distributed interfacesin this system.
throughout the bulk of the blend. In order to achieve this, we Photoluminescence spectra of thin films of the two ho-
have used the polymer DMOS-PPV as a substitute for PPVhopolymers and of the blend, excited at 457.9 (2171 eV}

(see Fig. L. DMOS-PPV has silicon atoms inserted betweenwith an argon ion laser, are illustrated in Fig. 5. The lumi-
the benzene rings of the main chain and the solubilising alkyhescence spectrum of the DMOS-PPV is similar to that of
chains. These atoms strongly reduce the interaction betwed?PV, though with more pronounced vibronic structure. There
the main chain and the side chains, with the result that thare well-resolved peaks at 2.4 and 2.25 eV, and a shoulder at
electronic properties of DMOS-PPV are very similar to those2.1 eV; these correspond to the 0-0, 0-1, and 0-2 vibronic
of PPV. DMOS-PPV is soluble in chloroform and can there-satellites associated with th&,(—S,) electronic transition.
fore be blended with CN-PPV. The photoluminescence spectrum of the composite film is

DMOS-PPV was synthesized by Hwaergal, who used virtually identical to that of the CN-PPV sample, with no
it for fabrication of green LED’SRef. 22 and demonstrated trace of fluorescence from DMOS-PPV.
that its photoluminescence efficiency is as high as 68%, These results imply that excitons in DMOS-PPV are
over twice that reported for PP.The energies of the high- transferredpresumably by a Hster transfer processo the
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lower band-gap CN-PPV chains where they decay radiaerbital (LUMO) levels of the two chainéwve recall thatS; is
tively. Despite the fact that the absolute fluorescence quarpredominantly determined by a HOMO to LUMO transitjon
tum yield and absorption cross section of DMOS-PPV is(Ref. 30. For face-to-face PPV chains separated by 4 A, the
higher than that of CN-PPV, we note a complete absence afplitting of the isolated chairs, state into the interacting
luminescence from DMOS-PPV. This implies that the eN-chainsS, and S, states amounts to 0.25 eV; ti% and S,
ergy transfer process is extremely efficient and, thereforegp|it states both have aintrachain exciton character. The
that phase separation exists on a scale smaller than the et charge-transfeexciton is calculated to be 0.88 §0.63
ton diffusion range. _ eV] aboveS, [S,]. On average, the energy difference be-
The blend solut|or) was also used o fabricate . ITO/tween the lowest interchain exciton and the lowest intrachain
polymer/Al photovoltaic cells. The composite photodlodesexCitons is thus on the order pf0.88+0.63)/2~0.75 eV.
were found to/ have very Iow-quanthm yields (;:ozmSpar\?d r:O\/ery similar values are calculate@) for different interchain
the MEH-PPV/CN-PPV counterparts; at around 2.5 eV, t eSeparations(0.75 and 0.83 eV for two five-ring oligomers
qguantum yield of the DMOS—PPV/CN—.PPV blend device was eparated by 3.75 and 3.5 A, respectiyelji) for different
about 0.001%, compared to the maximum value of over 5% hain lengths(0.68 and 0.81 eV for two three-ring and
obtained with the MEH-PPV/CN-PPV composite. Moreover’seven-ring PPV oligomers separated by 4 A, respectively
the photocurrent action spectrum closely resembles that Ofﬁ‘ii) for a greater number of chains in intera\,ction. ’
CN-PPV single-layer photocell, which exhibits a poor re-~"s osqential feature to point out at this stage is that the

sponse at low energies and a rapidly increasing photocurretgbIitting betweers, andS, is drastically reduced as soon as

at higher energies. These results indicate that excitons Cr'he two chains have a different chemical nature due. for in-
ated in DMOS-PPV are transferred by an energy-transfegtance’ to different substitutions on the two chains. Indeed, a

processhto (f)N-PP\é rehgi?ns Whgrredthey arz_i?_nizlgiding significant stabilization[destabilisatioh of the HOMO/
rise to the observed photocurre ecay radiatively. LUMO frontier levels occurs in the presence mwfacceptor

. From the %w_deglgti/recqtrdetlj abovel,tyve ?Iclgusdgg\]/at € m-donof] substituents. As a result, the energy match be-
citons created in or IS close refative ) ar&ween the HOMO levels and between the LUMO levels on

transferred by energy transfer to CN-PPV, provided that the he two chains disappears. Thus, the average difference of

can diffuse towards the interface between the two material% 75 eV between the lowest intrachain exciton and the lowest

interchain exciton is a meaningful value that we will use
IIl. THEORETICAL INVESTIGATIONS belovy When_considering chains of different nature.
It is also important to address the influence of the polar-
The main goal of the theoretical section is to define aization effects induced by the surrounding medium. Polariza-
simple model on the basis of which the conditions leading taion effects are expected to stabilize the energies of the in-
charge or energy transfer between two different PPV derivaterchain excited states more significantly than the lowest
tives could be determined as a function of the nature of théntrachain excited state, since interchain excitons have a
substituents grafted on the PPV backbone. Recent correlatedore pronounced charge-transfer character. It is not straight-
quantum-chemical calculations performed on clusters formeébrward to determine directly the changes in magnitude of
by identical PPV oligomers have demonstrated that in thethe polarization effects when going from the lowest intrac-
lowest excited state the electron-hole pair has a largely domiain exciton to the lowest interchain exciton by means of
nant intrachain characté?;?® thus, in such clusters, when quantum-chemical calculation. However, the experimental
the hole is centered on a given chain, there is a very highesults given in Sec. Il as well as the comparison between
probability of finding the electron on the same chainrecent experimental and theoretical data on sexithienyl single
(Frenkel-type exciton’’ On the other hand, charge-transfer crystals®! can help us in obtaining an indirect estimate.
excited states for which there is a high probability of finding  In sexithienyl, our INDO/SCI calculations carried out on
the electron and the hole on separate chains are calculateddocluster of interacting oligomers disposed as in the crystal-
be higher in energysuch charge-transféCT) excitons cor- line structure, have provided a remarkable reproduction of
respond to interchain excitons or have also been referred tie optical absorption features associated with the intrachain
as polaron-pairs-29. excited states, such as the magnitude of the Davydov
In order to provide a good description of energy transfersplitting3! The lowest interchain exciton is calculated to be
versus charge transfer, the amount of energy required tsome 0.2 eV above the upper Davydov comporiérihe
transform the lowest intrachain exciton into an interchainelectroabsorption data, however, locates this state very close
exciton is an important parameter to assess. A reasonabir energy to the upper Davydov componéhtt can thus be
estimate for this parameter can be obtained by consideringoncluded that in the sexithienyl single crystal, the polariza-
two five-ring PPV oligomers. As in our previous wofR$’  tion effects stabilize the lowest interchain exciton state by
the calculations were carried out at the correlated semiempiabout 0.2 eV with respect to the lowest intrachain exciton
ical quantum-chemical level with the INDO Hamiltonian states. Such a small polarization is consistent with the fact
combined with a single configuration interaction schemethat the average separation between the electron and the hole
(INDO/SCI).?° is not significantly larger in the interchain than in the intra-
The interaction between the two PPV chains gives rise t@hain exciton. A somewhat larger polarization can, however,
a significant splitting of the lowest excited stat® ( of the  be expected in the presence of polar substituents such as
isolated chain; that this splitting can be large results from thealkoxy or cyano groups. Since the analysis we present below
identical energy location of the highest occupied moleculaputs a 0.6-eV upper limit for the polarization effects, we
orbital (HOMO) levels and the lowest unoccupied molecularhave chosen a working value of 0.4 eV for the DMOS-PPV/
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Molecular Energy Levels two polymerst! In going from DMOS-PPV to CN-PPV, the
E stabilization of the LUMO level by 0.55 eV, which is in-
—_—r L—;r 5 duced by the cyano groups, significantly lowers the energy
055 L i0.63 of the lowest charge-transfer excited state. However, this sta-
Intra : — Intra lmer? — bilization is compensated by the energy required to trans-
_‘IV— ntra _/— intra form the intrachain exciton into an interchain exciton, which
H H we have estimated above to Kh€.75-0.40=] 0.35eV.
- 017 _| H {0.44 H Therefore, we calculate the lowest charge-transfer excited
— state in the DMOS-PPV/CN-PPV blend to be located 0.20
DMOS-PPV CN-PRY MEH-PPY CN-PPV eV below the lowest excited state of PPV, and hence 0.18 eV
above the lowest intrachain transition of CN-PPV. The rather
large separation between the latter two states thus mostly
Excited States results from the large difference in the bandgaps of the two
E polymers. In the DMOS-PPV/CN-PPV blend, a gain in po-
T Tooo MraDMOS-PPV =g Intra MEH-PPY larization energy on the order or larger than 0.6 eV would be
Toss  Mer I |ntra CN-PPV required to make the charge-transfer excited state the lowest
- Intra CN-PPV 0.28 in energy. Since the experimental measurements clearly in-
dicate that energy transfer takes place at the interface be-
tween DMOS-PPV and CN-PPV, it is reasonable to conclude
on the basis of our model, that the change in magnitude of
Ground State —— Ground State . . R . . .
the polarization effects when going from an intrachain exci-
DMOS-PPV/CN-PPV MEH-PPV/CN-PPV ton to an interchain exciton is lower than 0.6 eV.

In the case of the CN-PPV/MEH-PPV pair, analysis of the
FIG. 6. Sketch of the energy diagram of the INDO-calculatedone-electron structure reveals that the lowest optical transi-
relative positions of the HOMO and LUMO leveltop) and order-  tion of CN-PPV is redshifted by only 0.19 eV with respect to
ing of the lowest intrachaiintra) versus interchairtinter) excited  that of MEH-PPV (this result is consistent with the corre-
states(bottom) in CN-PPV/DMOS-PPV and CN-PPVIMEH-PPV.  |ated INDO/SCI calculations and the experimental data giv-

ing similar band gaps for MEH-PPV and CN-PRVIhe

CN-PPV and MEH-PPV/CN-PPV systems, i.e., intermediatdrt .
UMO level of CN-PPV is 0.63 eV lower than that of MEH-
between 0.2 and 0.6 eV. The energy penalty to go from a PV due to the strong acceptor character of the cyano

intrachain exciton to an interchain exciton can thus be esti- ) L
mated to be on the order pb.75-0.40=10.35 eV: that this groups. However, this stabilization of the lowest charge-

estimate is reasonable is supported by the fact that it is of th :iasifgnesﬁtcigﬁdo?tzl\i/fgI—?}/Pg\E/Bmeu\gthI)t:c;esz(i:rt] tgethcir':tr:::
order of the exciton binding energy in PPV as well as its 9 P

derivatives® sated by the energy required to separate the electron and the

Keeping these elements in mind, we can now address thlgole(o.35 e\). As a result, the lowest charge-transfer excited

L : P state in the MEH-PPV/CN-PPV blend is estimated to be ca.
major issue that arises when considering DMOS-PPV/CN: X . i
PPV and MEH-PPV/CN-PPV blends, which is to know 0.28 eV below the lowest intrachain transition of MEH-PPV,

whether the lowest excitation is localized on one componen nd hence some 0.10 eV below the lowest excited state of

N-PPV.
gggg;rte i%oggss(t)o chgaég?ng:rn;{ﬁ;fégmuﬁgg éoetlztztfézi:r ;? om: It is worth stressing that the charge-transfer excited state
erties c;n one haﬁd of DMOS-PPV and CN-PPV and on thgould not be the lowest in energy in the MEH-PPV/CN-PPV

other hand of MEH-PPV and CN-PR¥iote that in all cases pair without an explicit account of the increased polarization
the alkoxy groups are modelled in the calculations by me’th_energy in going from intrachain to mterpham_exqton. In the
OXY groups framework of our model, our calculations indicate that a

The results are illustrated in Fig. 6 where we plot a Com_choice of amplitude for the polarization energies between 0.3

parison of the INDO one-electron frontier energy levéts) and 0.6 eV brings agreement with the experimental data, i.e.,

: : : it makes the charge-transfer excited state the lowest in en-
and the estimated ordering of the excited stabedtom for X . . i .
each pair of compounds. E\JNe note that the one—egctron 4oy in CN-PPV/MEH-PPV blend while the intrachain exci-

proach is relevant here because the lowest intrachain transglz_gr;,\? ’g}:fdv is the lowest excitation in the DMOS-PPV/

tion of each chain is predominantly described by an excita-

tion between the HOMO and LUMO levels on a single

c_hain.19 In contrast, the I_owgst interchain tran_sition is essen- IV. CONCLUSION

tially depicted by an excitation between the highest occupied

level lying on one chain and the lowest unoccupied level We have shown that charge or energy transfer can take
located on the other chain. For instance, the redshift of thglace between two different PPV derivatives depending on
lowest excited state in going from DMOS-PPV to CN-PPV the nature of the substituents grafted on the conjugated back-
is estimated to be 0.38 eV from the difference in the HOMO-bone. In the case of CN-PPV/MEH-PPV blends, photolumi-
LUMO transition energies of the two chains; this result is innescence and photocurrent measurements clearly demon-
very good agreement with the value of 0.32 eV obtainedstrate that charge transfer occurs at the interface between the
from INDO/SCI calculations and with the experimental datatwo polymers, which can thus be used for the fabrication of
showing a redshift on the order of 0.3-0.4 eV between theefficient photovoltaic cells. In contrast, similar measure-
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ments performed on CN-PPV/PPV and CN-PPV/DMOS-while a small bandgap differen¢as in MEH-PPV/CN-PPY
PPV systems indicate that energy transfer toward the CNepens the way for charge transfer. Finally, we emphasize that
PPV chains take place; as a result, high-luminescencthe widely used approach of simply looking at the relative
guantum yield is obtained in LED’s based on a double layepositions of the HOMO and LUMO levels of the two part-
or a blend of these two polymers. ners, is inappropriate to determine which type of transfer
The two different behaviors are rationalized by a theoretprocess can occur. The mere examination of the top of Fig. 6
ical model based on estimates, at a quantum-chemical levelould indeed lead one to believe that in both cases charge
of the relative positions of intrachain versus interchain ex+ransfer would be favored, with the electron on CN-PPV and
cited states in the binary systems. The theoretical calculathe hole on PPV or MEH-PPV.
tions provide a clear insight into the physics of such pro-
cesses and illustrate the important role_ played by polarization ACKNOWLEDGMENTS
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