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It is becoming increasingly clear that the electronic properties of conjugated polymer films are
strongly dependent on factors such as the conformation and the degree of aggregation of the
polymer strands in the solution from which the film was cast. In this paper, we show how we can
take advantage of conjugated ionoméenjugated polymers that have been functionalized with
side groups that can be electrically chargéal control the polymer morphology and degree of
interchain interactions in both solutions and the films cast from them. The particular ionomer we
study in this work, poly(2,5-bjdN-methyl-N-hexyl amind phenylene vinylene(BAMH-PPV),

has dialkyl amino side groups that can be controllably charged by protonation with organic acids. In
dilute BAMH-PPV solutions, protonation of just a few percent of the amino side groups leads to
tight coiling of the polymer backbone, resulting in an enormous blueshift of the polymer’s
absorption and photoluminescen@l) spectra. At higher BAMH-PPV solution concentrations,
however, protonation of the side groups leads to redshifted emission, indicative of increased
interactions between polymer chromophores that presumably result from counterion-mediated
attractive interactions. The results suggest that conjugated polymer chromophores in solution
interact by interpenetration of neighboring chains rather than by self-aggregation of the
chromophores on a single chain. Scanning force microscopy experiments indicate that the surface
topography of BAMH-PPV films varies directly with the degree of side-group protonation in the
solution from which the film was cast. In addition, BAMH-PPV films cast from protonated solutions
have a redder PL spectrum and a higher degree of exciton—exciton annihilation than films cast from
neutral solutions, verifying that memory of the chain conformation and degree of chromophore
interaction in solution carries through the spin-coating process. The charge-induced changes in the
morphology of BAMH-PPV films also lead to dramatic differences in the performance
characteristics of BAMH-PPV-based light-emitting diodes. Overall, we believe that the degree of
control over the electronic properties of conjugated ionomers makes them attractive candidates for
use in a wide variety of optoelectronic devices. 2002 American Institute of Physics.
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I. INTRODUCTION mizing the performance characteristics of conjugated
polymer-based devices is complicated by the molecular na-

Conjugated polymers are plastic semiconductdFsey  ture of these materials. Variations in how a conjugated poly-
have band gaps that can be tuned to any desired region of thger is processed can alter the way in which the polymer
visible spectrum by altering.the chemical nature of either thgpains pack together. Changes in the chain packing, in turn,
polymer backbone or the side groupsBecause these ma- aftect the bulk electronic properties of conjugated polymer

terials can be dissolved in common solvents, it is straightforg; s The primary effect comes from the facts that conju-

ward .to process cqnjugated polym'ers' by printing or othergated polymer chains take on different conformations in dif-
techniques into easily patterned thin films for a variety of

devi lication&~ Thi ¢ L bi ferent solution environments, and that the tendency for the

\evice applications. ThiS €ase 0l processing, in combina- conjugated chromophores to aggregate together depends sen-
tion with the many desirable mechanical properties of plas-_... . 1314 .
. : . ; sitively on the chain conformatioh:* Both single
tics, makes conjugated polymers quite attractive compared to leculd®” and bulk fi . 1 t that
inorganic semiconductors for a wide variety of applications.rno ecu an uik Tim experiments suggest tha

Indeed, high performance optoelectronic devices have bedR€MOY of the polymer conformation and degree of chro-
fabricated from conjugated polymers, including LEHs, mophore interaction is carried through the spin-casting pro-
photovoltaic cell$7*and transistor&t12 cess and survives into the film. This means that the film
Despite the large variety of potential applications, opti-morphology, and hence, the performance of conjugated
polymer-based devices, can be controlled by a number of

) _ _ __solution processing factors, including: changing either the
dPresent address: Department of Chemistry, Columbia University,

New York, New York 10027. solvent or thg conczrwlar?élon qf the solution from_whlch the
PElectronic mail: schwartz@chem.ucla.edu polymer film is cast®!*!8heating the solvent during poly-
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mer dissolution® growing the films layer-by-layer using common organic solvents. This material has a solution-

Langmuir—Blodgef®?! or self-assembly techniqué%,?*al-  phase photoluminescend®L) quantum yield of 7994?
tering the spin speetd;?® and annealing the films above the which is the highest value we are aware of for a PPV-family
polymer’s glass transition temperatufe?’ —3° polymer, giving it exceptional promise for application in

Why does changing the film morphology so strongly af-light-emitting devices. The absorption and PL spectra of
fect the performance of conjugated polymer-based device®3AMH-PPV in dilute solution are presented below in Fig.
The electrical interactions caused by aggregation betwee®(@). The spectra show that BAMH-PPV has electronic prop-
conjugated polymer chromophores tend to promote good caprties that are quite similar to those of its better-studied
rier transport through the film, but also reduce the luminescousin, poly2-methoxy-5¢2'-ethylhexyloxy-1,4-phenylene
cence quantum efficiency via the formation of interchainvinyleng, MEH-PPV, indicating that the amino side groups
species such as excim&ts!—3%or polaron paird#3>3¢This  are similar to alkoxy side groups in their electron donating
leads to a fundamental trade-off in optimizing film morphol- ability and in the degree of steric interactions they provide to
ogy for light-emitting applications. To form emissive exci- break up the planarity of the PPV backbone. Unlike the
tons, high carrier densities and mobilities are required, nealkoxy side groups in MEH-PPV, however, the dialkyl-amino
cessitating a large degree of-electron interaction between side groups in BAMH-PPV can be easily protonated by the
the polymer chains in the device. Once the carriers recomaddition of acid, making it possible to use protonation as a
bine and the exciton is formed, however, minimal interchain’knob” to alter the solution conformation of the polymer
contact is required to achieve the highest luminescence effwithout significantly affecting the electronic properties of the
ciency. Thus, the performance of conjugated polymer-base@PV backbone. As we will show, this provides an outstand-
LEDs and other devices depends on the exact way in whicilg method for controlling the solution conformation and
the polymer chains are packed togethier! 3738 hence the morphology and electronic properties of conju-

In this paper, we present a series of experiments degated polymer films.
signed to take advantage of the fact that the properties of a Throughout the rest of this paper, we explore the rela-
conjugated polymer film depend so sensitively on the mordionship between morphology and the electronic properties
phology. The work centers on a new class of semiconductin§f BAMH-PPV solutions and films as the polymer’s confor-
polymers that have been functionalized with side groups thahation is altered by controllably charging the amino side
can be electrically charged in a controllable way: conjugatedroups. We find, using dynamic light scattering, that adding
ionomers. lonomers are polymers that contain a small num@cid to protonate a small fraction of the BAMH-PPV side
ber of easily ionizable side groups; in most applications, théJroups causes the polymer chains to tightly coil in nonpolar
solution pH is changed so that only a small fraction solvents. Steady-state and ultrafast photophysics experiments
(=15 mol %) of the side groups, which are usually ran-Provide additional e\_/idence for a decrease in co.njugation
domly distributed along the polymer backbone, becomedength upon protonation at low polymer concentrations, and
charged®** The electrostatic forces involved can dramati- 20 increase in BAMH-PPV chromophore aggregation at high
cally change the conformation of the polymer in solution asconcentrations. The results suggest that interchromophore in-
both the number of charges and the polarity of the solventeractions result pr_|mar|ly from (_:ham interpenetration rather
environment are varied. For example, in nonpolar liquidsthan self-aggregation, and verify that the polymer’s elec-
that are good solvents for an uncharged ionomer, the polymdfonic properties in solution can be controlled directly by
chains will collapse and aggregate upon charging of the sidéarying the amount of added acid. Scanning force micros-
groups to minimize exposure of the charges and counteriorOPY €xperiments on BAMH-PPV films with different
to the surrounding nonpolar environméftn high-polarity amounts of added acid shovy that th.e fllms’ls.urface morphol-
solvents, on the other hand, charged ionomers can show 9 (@nd hence the underlying chain packing correlated
same kinds of behaviors exhibited by polyelectrolytes, rangdiréctly with the chain conformation and degree of aggrega-
ing from chain extension due to self-repulsion of the charge%'on in the solution from Wh|ch_ the films are cast. Finally, we _
along the backbone when the counterions are well solvated€monstrate how the charge-induced morphology changes in

to complete collapse of the polymer coil upon the addition of!IMS affect the photophysics and performance of BAMH-
polyvalent counterion&“3 Nonconjugated ionomers have PPV-based LEDs. Taken together, the results suggest that

found a wide variety of applications, including use in im- conjugated polymers with side groups whose charge is easily
proving charge injection at the electrodes of conjugate&uned WI|! serve as “next-generation materials because of

polymer-based devicdd.lonomeric control over the chain the equ|s_|te con_trol they offer over the morphology and

conformation of the conducting ionomer polyaniline also hasdegree of interaction between polymer chains.

been demonstrated by changing both the oxidation state
the backbone and the concentration of added $affs.

Our work focuses on controlling the conformation of the The BAMH-PPV used in this study, provided by Lindsay
semiconducting conjugated ionomer poly(2,5Fbis  and Stenger-Smith, was synthesized according to standard
methyl-N-hexyl aming phenylene vinyleng or  procedure¥“8that resulted in material with an average mo-
BAMH-PPV/*"“8 \whose chemical structure is shown below lecular weight of~60 000 g/mol as determined by gel per-
in the inset to Fig. 1. BAMH-PPV is a phenylene vinylene- meation chromatography using polystyrene as a reference.
based conjugated polymer that has been functionalized witBolution samples of BAMH-PPV were prepared by first dis-
long-chain dialkyl amino groups to confer solubility in solving the appropriate amount of polymer égaxylene to

(N EXPERIMENT

Downloaded 07 May 2002 to 128.97.34.137. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



8200 J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 T.-Q. Nguyen and B. J. Schwartz

make a 1.0 % wl/v solution. All solutions were heated atnN using a scanning frequency between 0.5 and $2HDy-

40 °C for several hours while stirring to ensure the completenamic light scattering measurements were performed on a
dissolution of the polymer, as discussed both in our previouMicrotrac ultrafine particle analyzéteeds & Northrup. For
work!® and further below. The solutions were then dividedboth dynamic light scattering and SFM measurements, the
into multiple portions, with differing amounts of camphor conditions were similar to those used in our previous work
sulfonic acid(CSA) added to each portion. Typical CSA con- on both BAMH-PPV}® and other conjugated polymels>?
centrations were 0, 1%, 3% and 7% weight camphor sulfonic

acid to weight of BAMH-PPV. Given that the molecular 1ll. RESULTS AND DISCUSSION

weight of CSA(232.2 g/molg is roughly 2/3 that of the

BAMH-PPV' repeat unit(328.2 g/mol¢, each percent by ¥0nated BAMH-PPV chains, and determined that the way in

weight O.f added CSA correspond; roughly to 1.5 percenwhich unprotonated BAMH-PPV is dissolved significantly
protonation of the polymer, assuming that every CSA mol-

ecule protonates a BAMH-PPV amino group. Al Sampleaffects the electronic properties of the chains in solution as

. . ) . - ~well as the photophysics and device performance of the re-
processing, handling, and storage was carried out in the iner 019 o
: . sultant films.® We found that even after stirring for 2 days,
environment of a nitrogen glove box.

the polymer is not completely dissolved: instead, BAMH-

Film samples were prepared by spin-coating one of thq3 . .
. . PV solutions stirr room temperatur have mor
BAMH-PPV solutions described above onto glass substrateg solutions stirred at room temperature behave more as a

(or for LEDs, ITO-coated glass substrates a spin speed of uspension of small pieces of polymer film, showing solid-

1500 Th : ted fil then heated at 50 ° tate effects such as exciton—exciton annihilatibhe
pm. The spin-coated fiims were then healed a iims cast from such incompletely dissolved solutions have a
for 2—3 h to ensure removal of the solvent. We took care t

. . . c}ough, agglomerated morphology, and LEDs fabricated from
ensure that all the fllm§ used in this study.were Preparegose films have low electroluminescer(éd.) efficiencies.
identically; the only difference between films was the Heating the BAMH-PPV solutions to 50 °C for a few hours

am_ount Of_CSA that had beer_1 added to the solu_tion frorT?/vhile stirring greatly improves the dissolution and produces
which the film was cast. The spin-cast BAMH-PPV films hadfiImS with a smooth topography and high EL efficiencies.

an optical density of~1.0 at the absorption maximum of
475 nm, which with our measured sample absorbance o[%

6.86x 194 OD/cm |mpI_|es a film thickness ot 150 nm. higher degree of interchain interactions, as evidenced by in-

Optical and electrical measurements were carried OUt S@reageq exciton—exciton annihilation and higher operating
that all the polymer samples were studied without ever have,,rents/lower EL efficiencies compared to films cast from
ing been exposed to ambient conditions. This was accomjppeated, fully dissolved solutions. All the results suggest

plished by placing the polymer samples into an optical Cryha¢ ynderstanding the details of how conjugated polymers
ostat(R. G. Hansen & Assopwithin the glove box, sealing (anq BAMH-PPV in particular are dissolved in solution is

the cryostat, and then removing the sealed cryostat from thgitical to being able to reproducibly fabricate and optimize
glove box. Eor film ;amples, the cryostat was evacuat_ed Pr%%onjugated polymer-based deviddsin the work reported

to study, while solution samples were studied under nitrogen,ere  we extend these previous observations to BAMH-PPV
UV-visible absorption spectra were measured using a Spegnains that have been controllably protonated. Throughout
trophotometer(Perkin-Elmer Lambda 25To minimize the  this work, we have taken care to ensure that all our BAMH-

effects of self-absorption from optically dense samples, Plppy solutions were fully and identically dissolved without
was collected from the front face of the film samples using &,eing subject to excess heating.

Fluorolog-3(Instrument S. A. & Co; solution PL quantum _ ) _
efficiencies were determined using Rhodamine 101 in ethg? €ontrolling the conformation of conjugated
nol as a standard with assumed unit quantum yi&Rbr the ~ °NOMErs in solution
femtosecond pump—probe experiments on films, the laser One of the basic properties of ionomers is that altering
pulses passed through the transparent substrate to minimigge charge density along the polymer backbone can control
simultaneous exposure of the sample to light and any poterthe polymer’s solution conformation. The most direct evi-
tial ambient gaseS'*° All the pump—probe scans presented dence for this comes from dynamic light scattering, which
below were completely reproducible, and we saw no signs omeasures the diffusion constant of the polymer, thus deter-
irreversible sample damalje! at laser fluences below mining the coil size(radius of hydratioh from the Stokes—
50 wJ/cn?, even for samples studied in air. Details of our Einstein equation and the measured solution visco%iBe-
ultrafast laser apparatus have been provided elsewf&a@. cause of polydispersity in the molecular weight of the
BAMH-PPV LEDs, a~ 100-nm thick,~1 mn? 10:1 Mg:Ag  polymer and fluctuations in how the chains fold, there is
electrode capped with-100 nm of Ag was evaporated on typically a distribution of coil size2® The upper panel in
top of the spin-cast polymer film; details of the LED fabri- Fig. 1 compares the coil size distributions from dynamic
cation and characterization are also provided elsewHere. light scattering experiments on both protonat@®s w/w
Topographic images of the BAMH-PPV film samples CSA) and unprotonated(neutra) dilute (<0.1% wi/v)
were obtained using a scanning force microscperk Sci- BAMH-PPV solutions. The solid curve shows that the aver-
entific) with 100 um scanners. The scanning force micros-age size of the diffusing species is17 nm in the neutral
copy (SFM) experiments were done in the air at room tem-solution. The small tail to higher sizes likely is due to aggre-
perature in contact mode with an applied loading of 1-1.5ation, which causes a small group of polymer chains to

In previous work, we explored the properties of unpro-

nce the polymer is fully dissolved, however, we also found
at additional heating of the solution produced films with a
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FIG. 1. Relationship between protonation and chain conformation in soluF!G- 2. Reversible effects of protonation on the electronic structure of dilute

. . - ; . S . BAMH-PPV solutions.(a) Normalized UV-visible absorptiofsolid curveg
tion. Top panel: Dynamic light scattering size distributidhgdrodynamic ] ; .
radii) for dilute neutral(solid curve and protonated7% wiw CSA, dashed and PL(dashed curvedor dilute solutions of BAMH-PPV. The thick curves

curve solutions of BAMH-PPV. The inset shows the chemical structure of show the results for an unprotonated solution, while the thin curves show the
BAMH-PPV. Lower panel: Schematic illustration of the conformational results for a protonate% w/w CSA solution. (b) Normalized UV-visible

change of a charged ionomer in nonpolar solution. Protonation increases tﬁaéaso_rptlon(solld curvg and PL(_dashed c_ur\oefor the same proton_ated
charge along the backbone of the open chain coil, causing the coil to coisolution used to generate the thin curves in paakefollowing the addition

lapse to minimize exposure of the both the backbone charges and counteﬂI excess triethylamine base.
ons to the nonpolar environment. See the text for details.

rows in a similar fashion upon protonation as the distribution

diffuse as a single entity: this type of coil size distribution is of polymer coil sizes, as seen in Fig. 1. The increased vi-
typical for fully dissolved neutral BAMH-PPV chains with bronic structure might also result from enhanced energy
this molecular weight in a good solvent likexylenel® The  transfer: the tighter protonated chain coil should bring a
dashed curve shows that upon protonation of the polymegreater range of chromophores within ther$ter radius of a
the average solution coil size shrinks to oalys nm, and the given excitation, providing more through-space pathways for
size distribution becomes significantly narrower relative toexcitons to migrate to low-energy sites along the polymer
the neutral polymer solution. The smaller size of the proto-backbone®=*"*"*®This type of Faster energy funnel in the
nated polymer chains clearly results from the addition ofprotonated polymer would result in most of the PL coming
CSA, which causes the charged BAMH-PPV chains to foldfrom a few low-energy chromophores instead of from a
in the nonpolar solvent environment, as depicted for a gebroad distribution of high- and low-energy chromophores as
neric ionomer in the lower panel of Fig. 1. The narrowing of in unprotonated BAMH-PPV.
the size distribution upon protonation indicates that the pro- In addition to the increased vibronic structure and red
cess of coiling the newly charged chains tends to break ufail, Fig. 28 shows that the most evident effect of adding
any loose BAMH-PPV aggregates that existed before chargacid on the polymer’s electronic structure is a very large
ing, so that all the charged chains have similar diffusion conblueshift (=50 nm) of the protonated polymer’s absorption
stants. The question we address next is how this change end PL spectra relative to those of neutral BAMH-PPV. One
conformation upon protonation affects the photophysics opossibility is that this blueshift is caused by a reduction in
BAMH-PPV in solution. the electron-donating ability of the amino side groups upon

Figure 2a) shows the absorptiofsolid curve$ and fluo-  protonation. If this were the case, however, the fact that only
rescence spectralashed curvegsof very dilute (~0.005%  a few percent of the amino side groups are protonated would
w/v) BAMH-PPV solutions with(thin curves and without lead us to expect a broadening of the absorption and PL
(thick curves added CSA(7% w/w). It is clear that one ef- spectra: different chromophores would have different num-
fect of protonation is an increase in the vibronic structurebers of protonated amino groups and thus different degrees
and the addition of a red tail to the PL spectrum of BAMH- of charge donation to the backbomesystem. The fact that
PPV. We believe that the red tail results from an electrostatithe spectrum does not undergo significant broaderiasy
cally induced aggregation of the polymer chromophores, asvidenced by the sharp vibronic structuleads us to assign
discussed further below. It is not entirely clear why protona-the blueshift to the reduction in average conjugation length
tion also produces an increase in vibronic structure. One posaused by the tight coiling: the additional twists and kinks
sibility is that the PL of the protonated polymer comes fromrequired to coil the chain lead to a large decrease in the
chromophores with a more homogeneous distribution of conaverage extent ofr—electron conjugation along the back-
jugation lengths than the PL from neutral BAMH-PPV. This bone. Such kinks and twists of the polymer backbone are
might result if the distribution of conjugation lengths nar- also associated with emission quenching defects, and indeed,
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the change in polymer conformation induced by acid is also
reflected in the PL quantum yield: in these dilute solutions,
the PL quantum yield is 79% for neutral BAMH-PPV but
drops to only 35% upon protonation. At least part of this
sharp drop in PL quantum efficiency upon acidification may
result from enhanced energy transfer, which provides more
through-space pathways for energy to migrate to quenching
centers or other defects.

While it is likely that the conformational change of 0 e0 700
BAMH-PPV upon protonation causes the PL quenching, the Wavelength (nm)

drop in emission quantum vyield might also be due to som
P R y 9 %IG. 3. Effects of protonation on the electronic structure of BAMH-PPV at

type of irreverSiblle chemical Fhange induced by the acid. I:Oﬁigh concentrations. Normalized front-face collected PL spectra for 1% wiv
example, the acid could oxidize the PPV backbone rathegolutions of neutrasolid curve and protonated7% wiw CSA, dashed
than simply protonate one of the amino side groups. To incurve solutions of BAMH-PPV.

vestigate this possibility, we added a base, triethylamine

(TEA), to see if it was possible to neutralize the protonated , o ) .
BAMH-PPV amino groups. Figure(B) shows that both the the blue portion of the emission, making accurate determina-
absorption(solid curveé and emissioridashed curvespectra j[ion of t.he shape of the PL'spectrum diffiqglt. Second, there
of the protonated BAMH-PPV solutions shift back to the rediS N0 Simple way to quantify the competition between the

upon the addition of excess TEA. A comparison of the Spec_expected emission blueshift from the decreased conjugation

tra in Fig. 2b) to the thick curves presented in Fig(ap length and the expected emission redshift from increased

shows that treatment with excess base can reverse the eﬁeggromophore aggreggtlon. The fact t.h at a rgdshn‘t Is_ob-
of acid addition: the spectra of the BAMH-PPV solutions served, however, verifies that protonation at high concentra-

following addition of CSA and then excess TEA are nearlyf[IOnS |s.correlated with some degree of |ncr.eased mtercham
ractions, such as excimer or polaron pair formation.

identical to those of freshly dissolved, unprotonated BAMH-'meIf th i ¢ BAMU-PPV ch h t high
PPV. This result supports the conclusion that protonation € aggregation o § chromophores at hig

changes only the polymer’s conformation and does not causgneentrations is mcregsed upon protonation, .th.en we would
irreversible chemical damage to the polymer backbone. ThSXpeCt fo see a drop in the PL quantum efficiency as the

fact that the conformational change is reversible also open ()anﬁggt"’::sn ioeflgcilr? rl1$| 'Eccrgiigg;[rgt'ifgt;gﬁ ?if)t:]rsn;]ir\:\tleo\}‘et?e
new possibilities for future work: for instance, one could. d y 9 ’ '

. . . ' . . . is problematic because there is no good way to account for
imagine treating a film comprised of tightly coiled, proto- )
g 9 n gnty P the effects of self-absorption. Thus, we elected to measure

nated BAMH-PPV chains with excess base to selectivelyhe PL quantum yield of our high-concentration BAMH-PPV

Normalized PL (Arb. units)
,
N
’ - -
¢
.
R ~ &
/. SE
s]

=

change just the conformation of the chains at the interfacé

that will be in direct contact with the electrode in an opto- sgluﬂons |pd|rectly by using time-resolved spectroscopy.
electronic device. Figure 4 displays the results of femtosecond pump—probe

The data in Fig. 2 were measured from solutions ofexperlments on both protonated and neutral high-

BAMH-PPV that are very dilute, so that aggregation of theconcentratlon BAMH-PPV solutions. The samples were ex-

ST . . cited at 475 nm and the excited state lifetime probed via
polymer chains is highly unlikely. Most conjugated polymer _.. o .
. : : . stimulated emission at a wavelength of 590 nm. The excita-
films, however, are cast from high-concentration solution

that have hiah viscosities to ensure uniform coverage Whestion intensity was chosen to be low enough to ensure that the
9 9 easured lifetimes were not affected by exciton—exciton

spin-coating. A wide variety of work indicates that aggrega-
tion and interchain electrical interactions increase greatly as
the concentration of a conjugated polymer solution is in-

. 0 .
crgased _ tosv%%%% 'the typical =1% w/v  used for fiigh Cone, | O no acid
spin-coating>**®°Figure 3 presents the PL spectra of con- (1% wiv) X 3% acid
centrated 1% w/v) BAMH-PPV solutions with(solid curve © T acid
and without(dashed curvethe addition of 7% w/w CSA?
Unlike what is observed in dilute protonated solutigRgy.
2(a)], the PL of high-concentration protonated BAMH-PPV
solutions has an extended red tail and is redshifted relative to
that of the neutral polymer. The presence of this type of . . . 3
weak, redshifted emission is the classic spectral signature of 20 180 3_8(') 580 780
interchain interactions: when two or more polymer chain Time (ps)

Segments pack toggther Inan aggrega'tedta‘:ked anf'gu' FIG. 4. Effects of protonation on the excited-state lifetime of BAMH-PPV
ration, the electronic wave function can be delocalized oveet high concentration. The symbols show the magnitude of the stimulated
multiple chromophore$>3262-%5Direct assignment of the emission at 590 nm following 480-nm excitation of 1.0% w/v solutions of
redshifted PL from the high-concentration protonatedBAMH-PPV: neutral solution(circles; 3% w/w CSA protonated solution

. . . (crossegs and 7% w/w CSA protonated solutigdiamond$. The three data
BAMH'PPV solutions, h_OWEVer,_|5 compllcateo_l for two rea- sets have been normalized to the same absolute magnitude for ease of com-
sons. First, self-absorption at high concentration suppressearison.

0.5+

-Change in 590-nm Abs. (Arb. Units)
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annihilation'®1° Single exponential fits to the data in Fig. 4 blueshift seen in Fig. 2 indicates little contribution to the PL
show that the lifetime of the high-concentration neutral so-from interchain specigglthough the red PL tail in Fig.(3)
lution is 670+ 15 ps, which drops to 43010 ps upon the does suggest a small degree of aggregatigpon protona-
addition of 3% w/w CSA and to 24010 ps when the CSA tion. In combination, these results imply that conjugated
concentration is raised to 7% w/w. In our previous work, wepolymers are stiff enough that their chromophores do not
measured a 1.18 ns PL lifetime and a 79% PL quantum yiel@asily self-aggregate in solution, even when the chains are
for unprotonated BAMH-PPV in dilute solutions, establish- relatively tightly coiled. Instead, we believe that many fac-
ing that the radiative lifetime of BAMH-PPV is 1.49 3. tors are involved in the ability of conjugated polymer chro-
Thus, the measured BAMH-PPV lifetimes in the high- mophores to aggregate. For instance, both lowering the tem-
concentration neutral, 3%, and 7% CSA solutions correspongerature and the addition of nonsolvents not only reduce the
to PL quantum yields of 45%, 29% and 16%, respectivelypolymer coil size, but also bring polymer solutions closer to
The much lower emission quantum vyield in the high-the theta conditiod® Even through the tightly coiled chains
concentration neutral solutio@5%) compared to the dilute in low-concentration polymer solutions near the theta condi-
neutral solution(79%) makes it clear that simply increasing tion do not interact, approaching the theta condition at higher
the polymer concentration leads to chromophore aggregatiogoncentrations can lead to an increase in the overlap of
that quenches the emission. Adding acid to the solutiongeighboring polymer strand$.Thus, the aggregation of con-
causes a further decrease in the lifetime, which could be thisigated polymer chromophores in poor solvehts""“may
result of the protonation induced decrease in conjugatiofe the result of increased interchain penetration rather than
length, a conformationally or electrostatically-induced in-self-aggregation from tight folding.
crease in chromophore aggregation, or both. Although the In addition to chain interpenetration, the electrostatic
lifetime measurements alone cannot distinguish which of théorces that control the conformation of polyelectrolytes and
two mechanisms dominates the emission quenching, the reinomers also could play a direct role in chromophore aggre-
shift of the PL upon protonation suggests that a significangiation. For example, the protonation of BAMH-PPV in high-
fraction of the quantum yield reduction is the result of concentration solutions produces a large concentration of
protonation-induced aggregation. counterions, which can create electrostatically mediated at-
The idea that changing the conformation or electrostaticéactions between adjacent chromophores that are not present
of a conjugated polymer can lead to aggregation is in lingdt lower concentratiof:’® The fact that protonation in-
with other reports in the literature. For example, McBranchcreases attractive forces between chains is borne out by the
and co-workers observed an increase in chromophore aggr@bservation that BAMH-PPV is no longer soluble in nonpo-
gation of the conjugated polyelectrolyte p(ymethoxy-5-  lar solvents likeo-xylene in the presence of high concentra-
propyloxy sulfonatg phenylene vinylendMPS-PP\f upon  tions Qf acid &10% w/w). Overall, it is clear thgt th.e nature
addition of the divalent cation methyl viologen and ©f conjugated polymer chromophore aggregation in solution
surfactanf® The fact that methyl viologen both is a good depends on a subtle interplay of many factors, including the
electron acceptor and helps to promote aggregation of thBolymer coil size, the nature of the polymer—polymer and
MPS-PPV chromophores leads to “superquenching polymer—solvept interactions, the degree of chain overlap
single quencher eliminating the emission from multiple chro-2nd électrostatics.
mophore} of the MPS-PPV fluorescence, opening the possi-
bility for applications in biosensin®®” Bazan and co- B- Controlling the morphology of conjugated
workers have found an even greater superquenching of Mpgenomer films
PPV oligomers by methyl viologen in the presence of  Given that electrostatic forces allow us to control both
surfactants, suggesting enhanced aggregation of the oligghe conformation and the degree of aggregation of conju-
meric chromophore¥ Other groups have observed the sig- gated ionomers in solution, the question we address next is
natures of chromophore aggregatidredshifted emission how well memory of the solution properties carries through
and decrease in PL quantum yieldthen the solubility of the spin-casting process to influence the properties of conju-
PPV-based polymers is decreased either by changing thgated ionomer films. Both Huser & Yatt®and Barbara and
temperatur&’° solvent!®53%0 or by the addition of co-workerd”’” have performed elegant experiments which
nonsolvent¥">%71.72 demonstrate that the optical properties of single conjugated
Although lowering the temperature, the addition of non-polymer molecules vary with preparation conditions, a direct
solvents and the electrical charging of side groups all lead teesult of changes in the way the individual polymer mol-
tighter coiling of a conjugated polymer chain, the correlationecules are folded. Correlating the measured electronic prop-
between chain coiling and chromophore aggregation is nogrties with the local chain geometry is difficult, however,
so simple. In previous work, we found less chromophorebecause there is no simple method to measure chain confor-
aggregation for MEH-PPV dissolved in tetrahydrofuranmation and packing in a solid-state polymer sample: even
(THF) than dissolved in chlorobenzene, despite a smalletechniques such as x-ray diffractié{® and transmission
polymer coil size in THE® The data in Figs. 1 and 2 are also electron microscopy that usually reveal morphological de-
suggestive of little chromophore aggregation in dilute solu+ails provide almost no molecular information when applied
tions of tightly coiled BAMH-PPV chains: the dynamic light to amorphous conjugated polymer films. The most straight-
scattering results in Fig. 1 suggest that physical polymer agforward technique for accessing the structure of polymer
gregates are broken up upon coiling, and the net emissiofiims is SFM, which measures the surface topography of the
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Neutral1%w/

1%w/v+7%acid large, tangled regions of polymer chains in films. The images
ey : in Figs. 5a) and 8b) are consistent with a picture in which
the conjugated polymer aggregates that form by interpenetra-
tion of adjacent chains in solution can survive the spin-
casting process and persist into the ffftn.
Given this apparent relationship between polymer aggre-

N SR > g ; gation in solution and the morphology of the resultant film,
0 20pm 0 20 um we expect the chain packing in BAMH-PPV films to be dra-
matically altered by protonation of the polymer in solution.
This is verified by the scanning force micrographs of the
surfaces of films cast from protonated BAMH-PPV solu-
tions, which are shown in Figs(& and 5d). The black to
white color scale represents a height change-a6 nm for
the film cast from a 1% w/v solution with 7% w/w C3Kig.
5(c) and ~ 150 nm for the film cast from a 4% w/v solution
with 7% w/w CSA Fig. %d)]. The protonated films are rough
on many length scales, with bumps whose height is roughly
FIG. 5. Effects of protonation on the surface topography of BAMH-PPV half the color scale in each image. We have already argued in
films. Each panel shows a (20m)* scanning force micrograph of a the previous section that protonation of BAMH-PPV in high-
BAMH-PPV film cast from a high-concentration solution similar to those ~gncentration solutions promotes chain aggregation, presum-

studied in Figs. 3 and 4. Counterclockwise from upper I€d}:Film cast . . . .
from neutral 1% w/v solution; the black-to-white color scale represents aably due to a counterion-mediated electrostatic attraction be-

height difference of-4 nm. (b) Film cast from neutral 4% wi/v solution; the tween chaing® Figure 5 suggests that aggregated clumps of

black-to-white color scale represents a height difference-86 nm. (c) chains in films cast from high-concentration protonated

Film cast from a protonatetv% W/W CSA? 1% w/v solution; the _black-to- BAMH-PPV solutions form because memory of the tangling

white color scale represents a height difference~df5 nm. (d) Film cast . . . .

from a protonated7% w/w CSA 4% w/v solution; the black-to-white color and lnterpenetrat_lon of the polymer chains !n SOIU‘_ﬂemen

scale represents a height difference~o£50 nm. though they are tightly foldedsurvives the spin-coating pro-
cess. The films cast from unprotonated solutions, in contrast,

have less chain interpenetration and form primarily by uni-

packed polymer chains. In previous work, we were able tdorm spreading of individual polymer chains.
use a combination of SFM and near-field scanning optical ~ The scanning force micrographs in Fig. 5 show clearly
microscopy(NSOM) to make a direct correlation between that the physical structure of BAMH-PPV films changes with
topographic features on the surface of MEH-PPV films andhe degree of chain aggregation in the solutions from which
regions with increased chromophore aggregdtidt.This  the films were cast; the question we address next is how this
verified that the surface topography measured by SFM ighange in morphology affects the films’ electronic structure.
directly related to the underlying molecular chain packing. The UV-visible absorption and PL spectra of the BAMH-
Figure 5 presents scanning force micrographs ofPPV films(not shown; see Ref. 1%trongly resemble those
BAMH-PPV films cast from high-concentration solutions of the solutions from which they were cast, suggesting a
like those whose spectroscopy was explored in Figs. 3 and 4imilar degree of chromophore aggregation between solution
All the images cover a 20<20-um area, but the color and film. In particular, the film spectra show a significant
height scale in each image is different. The images show thagdshift upon protonation, similar to that observed in Fig. 3,
the surface topography of BAMH-PPV films changes dra-again consistent with preservation of the interchain elec-
matically when the concentration of the polymer is increasedronic structure through the casting process. Additional infor-
or when acid is added to the solution from which the film ismation concerning the electronic properties of the films
cast. The surface of the film cast from the neutral 1% w/vcomes from time-resolved spectroscopic experiments, which
solution shown in Fig. &) is quite smooth(the black to provide a more sensitive probe of interchain interactions.
white color change represents a height difference 4fnm), The open square symbols in Figgapand Gb) show the
suggesting that the film is formed by the uniform spreadingesults of low-intensity femtosecond pump—probe stimulated
of individual polymer chains from the solution. When the emission experiments on the BAMH-PPV films cast from
concentration of the neutral polymer solution is increased t@%-protonated and neutral 1% w/v solutions, respectively;
4% wlv, however, the surface of the resulting film showsthese experiments were performed on the same films whose
topographic feature§bumps”), suggestive of large tangled scanning force micrographs were shown in Fig&) &nd
regions of polymer chaingFig. 5b), in which the black to  5(c). The trend in the excited state lifetimes of the films
white color scale corresponds to-a35 nm height differ- mirrors that of the solutions from which they were césft
encd. The spectroscopic data in the previous section demori-ig. 4): the emission lifetime of the film cast from neutral
strate clearly that there is increased aggregation of the polysolution is relatively long {200 ps), while the emission of
mer chromophores in solution at higher polymerthe film cast from the protonated solutions is significantly
concentrations. Thus, we have evidence for a direct correlaguenched €100 ps). This same type of relationship be-
tion between the degree of chromophore aggregation in sdween the steady-state spectra of solutions and the films cast
lution, determined spectroscopically, and the presence dfom them was also observed in our previous work on

Ty
.

Neutral4%w/v
e o DA g A e
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I FIG. 7. Effects of protonation on the behavior of ITO/BAMH-PPV/Mg:Ag
o+ LEDs. In both panels, the solid curves show the results for LEDs in which
f : ! } the active BAMH-PPV layer was cast from a neutral 1% w/v solution, while
0 50 ] 100 150 the dashed curves are for LEDs with the active BAMH-PPV cast from a
Time (ps) 7% w/w CSA protonated 1% w/v BAMH-PPV solutiofe) Current versus

applied bias voltage for the LED¢h) External electoluminesnce quantum

FIG. 6. Effects of protonation on the intensity dependence of the excited—a(f'c'ency(In percent photons/electrprersus current for the LEDs.

state lifetime of BAMH-PPV films. In both panels, the data show the mag-
nitude of the 590-nm stimulated emission following 480-nm excitation of

BAMH-PPV films, normalized to the same maximum change in absorbancqj namics of a neutral BAMH-PPV film changes as the exci-
for ease of comparison. The squares show the data taken at the lowes

excitation fluence €4 pJ/cn?), while the filled circles and diamonds are tation |nteq5|ty is varied over a factor of 6; .F|g(.b6 shows
taken at excitation fluences 3 and 6 times higher, respectively. Ranel the dynamics of a protonated BAMH-PPV film for the same
shows the data for a BAMH-PPV film cast from a neutral 1% wi/v solution; excitation intensities. For both films, there is a clear decrease
panel(b) shows the data for a protonat€the wiw CSA 1% wiv solution. i the emjssion lifetime at higher excitation intensities, as
The solid curves in both panels are global fits of the data for each film to Eq. f . . ihilati h ’ |
(1) (see the text for details expected for exciton—exciton annihilation. The data also
show that the lifetime of the protonated film decreases faster
at higher intensities than that of the neutral film. The solid
curves though the data points in Fig. 6 are global fits of the

13,53 \,arifui ; ;
MEH PPV, venfymg that the electronic properties of emission data for each film to E€L). The fits give values of
conjugated polymer films can indeed be controlled by the 19 ‘

. . . . 7 and B of 210 ps and 2.%10 ' cm?®/yps for the neutral
electronic properties of the polymer in solution.

§ —19 |
To confirm that the observed lifetime difference in themm’ and 85 ps and 53410 *° '/ yps for the protonated

BAMH-PPV films is the result of different degrees of inter- _f||m, respectively” Both t.he de.creased valge ofand the
: X . . increased value gB are direct signatures of increased chro-
chromophore interactions, we also examined how the emis-

. e . e .. “mophore interaction in the protonated BAMH-PPV film rela-
sion lifetime changes as a function of excitation intensity.,. .13 . .
: o e tive to the neutral BAMH-PPV filnt2 Thus, Fig. 6 provides
It is well known that the emission lifetime decreases at . . . :
. o o . .._strong evidence that the electrical charging of conjugated
high excitation densities due to exciton—exciton; . .
S E05154828 . ionomers enhances the electronic interactions between poly-
annihilation®%51:54828%g described by . . !
mer chromophores in both solutions and the films cast from
dN(t) Nt B, them.
T TN (), (1) The final question we investigate is how the ionomeri-
T cally controlled change in BAMH-PPV film morphology af-
where N(t) is the time-dependent population density of fects the performance of light-emitting devices based on this
emissive exciton$with the density of excitons at time zero, material. Figures (& and 7b) display current-voltage
N(0), directly proportional to the intensity of the excitation (I-V) and brightness-voltage L&V) curves for ITO/
pulsg, 7 is the exciton lifetime, ang3 is the bimolecular BAMH-PPV/Mg:Ag sandwich structure LEDs in which the
recombination coefficie® We demonstrated in previous active BAMH-PPV layer was cast under the same conditions
work on MEH-PPV that the ease with which exciton— as the films studied in Figs. 5 and 6. The devices fabricated
exciton annihilation can occur, as measured by the magnifrom the protonated solutions have a higher injection thresh-
tude of B, is a direct function of the degree of contact be-old voltage, lower working current, and lower light output
tween the polymer chromophor&safter all, excitons cannot than their counterparts based on the neutral solutions. This is
easily encounter one another to annihilate if the chains are direct result of the change in conformation and packing of

not in contact® The data in Fig. &) show how the emission the polymer chains upon acidification of the casting solution.
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The protonated films are comprised of domains of highlythat the degree of chromophore interactions in films can be
interpenetrating chains that are loosely agglomerated tceontrolled by charging the polymer chains. The differences
gether: within each domain, the chains are in good electricah the electrical properties of ionomer films cast under dif-
contact, but there is poor electrical connectivity between doferent conditions are readily apparent in the behavior of
mains. The rough surface morphology of the protonatedonomer-based LEDs. The clumped chain morphology of the
films [Figs. 8b) and §d)] also suggests poor electrical con- charged ionomer films leads to both poor electrical conduc-
tact with the cathod&’ which in combination with the poor tivity and poor electroluminescence efficiency, consistent
interdomain contact results in the observed low injection curwith the picture of the solution conformation and degree of
rent[Fig. 7(a)]. Figure 7b) shows that the devices based on aggregation persisting into the film.

protonated films also have lower electroluminescence quan- Although the results presented above show that simply
tum efficiency of the devices based on films cast from neu€harging the side groups and coiling the chains can be detri-
tral solutions: independent of current, the neutral device’'s Elmental to device performance, we believe that the morpho-
efficiency (solid curve is ~25% higher than that of the de- logical control offered by conjugated ionomers will lead to
vices based on 3%-added CSA cast filnst shown, and  significant advances in the optimization of conjugated
~70% higher than devices built from 7%-added CSA castpolymer-based devices. The direction our research is headed
films (dashed curve This result reflects the fact that carrier is to use the electrical charges along the ionomer backbone to
recombination in the protonated films most likely takes placecause the conjugated chains to self-assemble and pack with a
within an aggregated domain, where the presence of largdesired morphology. Our hope is that we will be able to
numbers of interchromophore electronic species leads to produce conjugated polymer films that are optimized for dif-
reduced emission quantum yiefti?3" Clearly, controlling  ferent applications simply by spin-coating from solutions
the chain conformation and degree of aggregation is criticalvith the appropriate charge conditions, such as the addition
to the production of efficient conjugated polymer-based op-of acid or the use of polar solvents and added salts. If suc-

toelectronic devices. cessful, this approach would allow easy fabrication of a wide
variety of devices, without the need for complex assembly
IV. CONCLUSIONS processes such as layer-by-layer growth or monolayer com-

we have shown that it is possible to useDression on a Langmuir trough. We speculated above on the
Jprospects of using the reversibility of the conformational

hange upon protonation as a means to selectively change

the polymer morphology at the electrode interface, a process

In summary,
electrical charges to control the conformation and degree
aggregation of conjugated polymers in both solutions and th

films cast from them. In dilute solutions of the ionomer hich ld clearly benefit devi f %
BAMH-PPV, protonation of the side groups leads to a reversy/Ich cou’d clearly benelit device performa € are
also planning experiments to explore the effects of thermal

ible tight coiling of the polymer chains and a decrease in i uaated i il in which the ch q
chain aggregation. Although the decreased PL quantum yielannea Ing on conjugated lonomer Nims, in which the charge

suggests that the tightly coiled chromophores may experi§Ide groups could direct the qhaln packmg in the pqumer
ence enhanced Fater energy transfer, the large blueshift of melt into structures not accessible using standard conjugated

both the absorption and PL spectra indicates that the tigrﬁ)olymers. With control over a wide range of conformations

chain coiling does not result in significant direct interactions_and hence electrical properties, we believe that conjugated

between the chromophores on a single polymer moleculdOnomers are the ma_terials_of the future for the production of
Increasing the polymer concentration, however, produces grganic optoelectronic devices.
redshifted PL spectrum that is characteristic of interchro-
mophore interactiong, presumably the re§ult of increased inACKNOWLEDGMENTS
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