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Photoluminescence in pyridine-based polymers: Role of aggregates
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We present a study of the morphology dependence of the photoluminesBéngeoperties of the pyridine-
based polymers polp-pyridyl vinyleng, poly(p-pyridine), and polyp-pyridyl vinylene p-phenylene vi-
nylene (PPyVP\). The photoluminescence of solution samples is characterized by high quantum efficiency
(>70% in PPyVPY, weak coupling to vibrational mode§Huang-Rhys parameter0.5) and a single-
exponential decayradiative lifetime~1 ng. On the other hand, film samples display strongly redshifted,
featureless emission with low quantum yidld20%) and highly nonexponential decay dynamics. Through
consideration of absorption and excitation spectra, the “site-selectivity” of the PL, and the concentration
dependence of the PL spectrum, we demonstrate that the redshifted film spectra are a result of the formation of
low-energy aggregate sites due to strong interchain interactions. Time-resolved measurements suggest a longer
radiative lifetime for the aggregate vs solution, leading to the lower efficiency. Aggregate formation is found
to be morphology dependent, and is minimal in “powder” samples which are precipitated after polymeriza-
tion. [S0163-182696)06237-9

I. INTRODUCTION is monitored as a function of excitation energy. The work of
Rauscher and co-workers demonstrates that while the appar-
The role of interchain interactions in the photolumines-ent Stokes shiffredshify between absorption and emission

cence(PL) properties of conjugated polymers is currently amaxima is large in real samples due to inhomogeneous
topic of great interest, as well as controvetsyAn impor-  proadening, théntrinsic Stokes shif(i.e., that of ideal, well-
tant impetus for understanding these properties is the fa@xtended PPV chaihss quite small,<100 cm . This small
that the maximum attainable efficiency of conjugated poly-yajue is inconsistent with early electron-phonon based mod-
mer light emitting diodelis determined in part by the PL g|s which predict a much larger Stokes shift due to geomet-
efficiency. With few exception,t is generally agreed that ric relaxationt®
interchain interactions lead to reduced PL efficiency in these \y/hile most authors agree that the intrinsic photophysics
systems. Therefore, a complete understanding of the natud |yminescent polymers is excitonic, the role of interchain

ﬁ{g:teerfgi?:; m;eLch#:&r;én Csnnéur?gfﬁs%?lgygésia thtﬁ'er} ggfinteractions is a topic of widespread debate. The role of the
. 9 1Cy, ana . wolding excimer(short for “excited dimer’) recently has been sug-
rimental effects of these interactions is of scientific and tech- osted by Jenekhe and OsaR@mior raid-rod bolvmers
nological importance. 9 y 9 poly

A reasonably complete understanding of photophysica?UCh. as pol@p-phenyler!e—z,6-benzob|soxazplt_§|'hg excl-
processes in conjugated polymers has evolved in receffer is an emissive excited-state complex which is delocal-
ized over two molecular units. The ground state of the

years, although the details are still under debate. Rausch&€¢ T o , :
and co-worker®® have suggested, based on morphologicafXcimer is dissociative; that is, the ground state of the dimer
considerations, that paly-phenylene vinylene(PPV) films ~ SPontaneously dlssoc!ates into two groynd-state moleculgs.
should be viewed as a collection of oligomers of variousFurthermore, the excimer cannot be directly excited opti-

length, leading to an inhomogeneously broadened density srlly. Photoexcitation in excimer-forming systems therefore

states for the system. Photoexcitation producsiglet ex- leads to production of an intramolecular singlet exciton that

citon of mixed Frenkel- and Wannier-like character that islater delocalizes over two molecules, forming the excimer.

localized to a conjugated segment. The exciton migrates t&xcimer formation is accompanied by a strong geometric

the lowest-energy(i.e., longest segments of the sample, distortion along the intermolecular axis that, when combined

leading to redshifted emission. Evidence for such a modelith the dissociative nature of the ground state, leads to fea-
comes from measurements of “site-selective fluorescence,tureless, strongly Stokes-shifted emission in comparison to
wherein the shape and position of the luminescence spectrudilute solution'! A classical example of an excimer-forming
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system is pyrene in solutioht.As the solution concentration

N
is increased, the structured pyrene emission is gradually re- @N
placed by a featureless excimer band. The absorption spec-
trum, however, is found to be concentration independent. PPyV

A closely related concept is that of the “polaron
pair.” 1212-14These entities are suggested to consist of an N
electron and hole residing on opposite chains bound by their 4©7
mutual Coulomb attraction. (In comparison, excimers may
contain contributions from neutral excited states in addition PPy
to charge-transfer stabes Yan et al. have suggested that
the majority of species created on photoexcitation of PPV are N
polaron pairs. They further suggest that these species are O
nonemissive, leading to reduced PL quantum efficiency in
PPV films. Based on their picosecond photoinduced absorp- H
tion results, they further suggest that the polaron pair is cre-
ated only from “hot” excitons and not from relaxed ones. PPYVP(R).V
Therefore, unlike in the case of the excimer, the branching
ratiq between emissiye intrachgin singlet excitons and in_ter- FIG. 1. Repeat units for pyridine-based polymers studied. For
challn polaron pairs is determined on a femtosecond timg,e ppyvPV polymerR=C,,H,s, OC;gHas of COOG Has.
scale.

While excimers exist only in the excited state, interchainaggregate formation is strongly morphology dependent and
interaction may also lead to ground-state interactions, &an be avoided. As such, the powder samples provide a con-
manifestation of which is the formation ofiggregate yenient laboratory for the examinatipn of solid-state effects
states'® These species have been suggested to occur in “ladD the absence of aggregate formation. We demonstrate the
der” polyphenylenes based on photoluminescénead gene.rallty of phese phenomgna in the pyrldlne-_based systems
photocurrerf® measurements. Upon aggregation, both the&lespite the differing properties of the repeat units. Section IV
ground- and excited-state wave functions are delocalizef'€Sents a summary and conclusion for our studies.
over several polymer chains. The aggregate is therefore di-
rectly accessible spectroscopically. The delocalization leads
to a redshift in both emission and absorption vs solution. The synthesis routes to each of the pyridine-based poly-
Unlike the excimer, which tends to form spontaneously, themers studied are reported elsewh&e* All polymers are
aggregate usually results from a forced proximity of two orprecipitated from solution during or after polymerization.
more molecules, an example of which is the anthracene santhis as-precipitated solid we label as “powder” in this pa-
wich dimer2® While the energy of the molecular ground stateper. The powder samples are mixed with KBr and pressed
is lowered upon aggregate formation, the first excited statinto pellets for study. Some of the powder sample is dis-
splits into several distinct levels. The allowedness of transisolved to form solution samples of varying concentration.
tions to these levels is determined by the alignment of thé&'he polyp-pyridyl vinylene (PPyV) and polyp-pyridine
individual dipoles of the molecules which form the aggre-(PPy samples are generally soluble in weak acids such as
gate. Parallel alignment typically leads to a less-allowed oformic acid (HCOOH). The polyp-pyridyl vinylene
forbidden lowest transitiolt®” Aggregation therefore leads p-phenylene vinylene(PPyVPV) copolymers are soluble in
to reduced PL efficiency in this case. common organics by virtue of their hydrocarbon sidegroups.

In this paper, we examine the role of interchain interac-In the present work, results are shown for symmetrically sub-
tions in the fluorescence properties of pyridine-based polystituted copolymers with sidegrougd=C;,H,5, OC;gH3s3,
mers such as those shown in Fig. 1. These polymers amnd COOG,H,s. All the solution measurements presented
promising for light-emitting diode applicatiohs'® due to  herein for the copolymers were performed in spectroscopic-
their increased oxygen stability over that of PPV and theirgrade tetrahydrofura@HF). Film samples were prepared by
high electron affinity. In recent publication¥;* we have  drop- or spin-casting concentrated solution onto quartz sub-
suggested the role of aggregates in the emission of filnstrates.
samples of the pyridine-based polymers. In the present work, The direct absorption measurements were performed on a
we present an extensive study of the luminescence properti€®erkin-Elmer Lambda-19 UV/VIS/NIR spectrometer. The
of this class of polymers, emphasizing the morphology dePL measurements utilized a SPEX Fluorolog or PTI Quanta-
pendence of spectroscopic properties and of aggregate fokMaster fluorometer. Solution PL quantum efficiencies were
mation. In Sec. Il, the experimental methods are summameasured on the QuantaMaster fluorometer with respect to a
rized. In Sec. Ill, we present the results of cw and time-Rhodamine 6G standard and were corrected using accepted
resolved PL studies, as well as measurements of PL quantuwalues for the refractive indices of the various solvents used.
efficiencies, absorption spectra, and structural properties dExternal quantum efficiencies of film samples were mea-
these polymers in various morphologies. In particular, filmsured with the sample placed at one port of an integrating
samples show strongly redshifted luminescence with lowsphere. A low-pass filter was used to block the 440 nm ex-
quantum yield, which we demonstrate to result from the for-citing radiation. The excitation beam was chopped at 200 Hz
mation of aggregates. As-precipitated powder samples, oand the PL detected with a Si photodiode and a lock-in am-
the other hand, behave like solution samples, indicating thatlifier. The measurements were corrected for sample reflec-

Il. EXPERIMENTAL
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tivity and absorption, as well as the leakage of stray excita-
tion light through the filter. Internal quantum efficiencies
were calculated from the external efficiencies by multiplying
by 2n?, wheren is the refractive index of the film at the
emission wavelength. All refractive indices were estimated
to be ~1.9 based on Kramers-Kronig analysis of the reflec-
tion spectrum.

X-ray-diffraction (XRD) measurements were performed
using a SCINTAG spectrometer in the Bragg scattering ge-
ometry. The x-ray wavelength was 0.154 nm, corresponding
to the CuK « line. Samples were mounted on an off-axis Si
substrate with silica gel.

The time-resolved PL measurements utilized excitation
with ~5 ps pulses centered at 440 nm from a Coherent 700-
series synchronously pumped dye laser. These measurements
were performed using the time-correlated single-photon
counting technique, yielding-50 ps resolution. All PL de-
cays were collected to f@ounts in the peak channel. The
incident power was kept lowtypically <100 xW) to avoid
sample degradation. To examine the time evolution of the PL
spectrum, PL decays were taken -ab nm intervals and
normalized by the collection time, as well as corrected for L
the spectral response of the monochrometer and detector. 15 2.0 25 30 35 40
The evolution of the totalenergy-independenPL was ex- Energy (eV)
amined by numerically integrating the single-wavelength de-

cays over energy by applying the trapezoidal rule. FIG. 2. Absorption(solid), photoluminescencéPL, dotted and

. Spectroscopic measurements on S_olutlons were perfornj%q_ excitation(PLE, dashelispectra for dilute solutiong<10 > M)
in quartz cuvettes. Some of the solutions were bubbled wit f PPYV in HCOOH (uppej, PPy in HCOOH (middle), and

Ar gas for 5 min prior to measurement; however, this stqupyvpv in THE (lower).

did not affect the outcome of the experiments and was gen-

erally not taken. Measurements on powder and film samples o o )

were generally performed in an evacuated cryostat, althougBtich as radiative decay, in dissipating energy in the polymer.
the samples were found to be insensitive to air exposuré? MEH-PPV, a discrepancy between the PLE and absorp-
during the time frame of the experiments. Spectroscopidion spectra of dilute solutions has been suggested to origi-
properties of solid samples were checked before and afterate from a subpicosecond internal conversion to the ground
prolonged exposure to the excitation beam to rule out thetate which becomes more likely under high-energy
effects of photochemical degradation. All measurementexcitation>® For the pyridine-based polymers, such a process
were performed at room temperature. apparently does not occur efficiently.

Figure 3 shows the PL spectrum(solid) of
OC,gHy5-derivatized PPyVPV in dilute solution. Unlike the
spectra of Fig. 2, the PL spectrum of this copolymer shows
A. Fluorescence properties of solutions more pronounced vibronic structure due to hydrogen bond-

Typical absorptior(solid), PL (dotted, and PL excitation ing between the Ofg sidegroups and the vinylene
(PLE, dashed spectra for representative pyridine-basedbridge?>?’which assists the planarity of the molecule in the
polymers in dilute solutiof<10 ° M) are shown in Fig. 2. ground and excited states. Assuming strong coupling to a
Weak vibronic structure is observed in the PL spectra; howsingle vibrational mode of wave numbey, the relative in-
ever, no vibronic structure can be distinguished in the ab-
sorption spectra. Such diffuse spectra are characteristic of
“floppy” systems which possess a ring-rotational degree of PPYVP(OC  H,),V
freedom, due to the generally weak steric hindrance towards
ring rotations in these systerfs.2’ At room temperature, a
distribution of ground states with differing ring-torsion
angles is present, leading to the featureless absorption spec-
trum. The excited state of these systems is generally more
planar due to aromatic-to-quinoid conversf8i®2°leading
to the Stokes-shifted PL spectrum.

Unlike in the case of PPY¥’ for all the pyridine-based

PL Intensity; Absorbance
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Ill. RESULTS AND DISCUSSION
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polymers studied the PLE spectrum closely follows the ab- Energy (eV)
sorption spectrum, in accord with Vavilov's la#.Such a
result indicates that internal conversigEhonon emissionto FIG. 3. PL of 10° M PPyVROC;gH32),V in THF (solid ling).

the first excited state is more efficient than other processefotted line is fit to Huang-Rhys expression, Et) (see text
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TABLE I. PL quantum efficiencies, observed PL lifetimes, and
calculated radiative lifetimes for pyridine-based polymers in dilute
(<10°° M) solution.

PL
quantum  Observed Radiative
Polymer efficiency lifetime lifetime

PPyV 0.22 439 ps 2.00 ns
PPy 0.10 170 ps 1.89 ns
PPYVRC,Hy5),V 0.76 715 ps 941 ps
PPYVROC;gH33),V 0.80 660 ps 825 ps
PPYVRCOOGC,,H,5),V 0.90 629 ps 698 ps

tensitiesl (n) of the various vibronics in the PL spectrum
can be described by the Huang-Rhys parame$ergiven

byt
e S3"
- n!

1(n) . (1)

The parameteS§ is proportional to the change in elastic en-

ergy upon geometric relaxation. The dotted line in Fig. 3

represents a fit to Eq1) above(assuming a Gaussian broad-
ening, and the vertical lines in the figure represent the vari
ous vibronics. The fit corresponds to a Huang-Rhys para
eter ofS=0.53. For comparisor§=0.47 has been suggested
for gel-aligned MEH-PP\?? For PPyVPV, the strongly
coupled vibration is found to be a=1302 cm*. A similar
mode (1300 cm'}) provides the vibronic structure in the PL
spectrum of distyryl benzenéhe three-ring oligomer of
PPV), where it has been assigned to the vinylne=C
stretch?’ The paramete8 is related to the geometrical relax-
ation energy, E,, via the relation S=E/hcv,. For
PPyVPV, we findE,,=86 meV, indicating relatively weak
geometrical relaxation for the singlet excitdn.

Table | shows the PL efficiencies and lifetimes for the
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FIG. 4. PL spectrunfuppeb and PL decayslower) of 107> M
(dotted line$ and 102 M (solid lineg PPYVRC,,Hys),V in THF.
For the concentrated solution, PL decays are shown for 2.0 and 2.6

eV emission. Dilute solution PL decay is for 2.6 eV emission.

concentrated PPyVPV solution closely mirrors the single-
exponential behavior of dilute solution. The PL decay at 2.0
eV of the concentrated solution, however, shows a slight
deviation from single-exponential behavior that becomes
most evident after~2 ns. As will be discussed below, we
believe this additional long-lived component to be due to
interchain association which is a precursor of aggregation in
film samples. Similarly, in PPyV solutions, the emission and
its time dynamics are concentration independent in the
105101 M range.

pyridine-based polymers in dilute solution. The efficiencies
are generally quite high, especially for the PPyVPV copoly-
mers. The PPy efficiency is low, possibly due to the age and

. While the PL of solution samples shows the high quantum
quality of the sample. All PL decays were found to be nearlyefficiency characteristic of aromatic molecular systems, the

(>90%) single-exponential. The PL decays were generaIIyPL of film samples does not share this property. This is dem-

mdgpendent Qf wavelength_, alf[h%lg'gh th? PPy sample Lfﬁ’hovvt%strated in Table Il, which shows the measured external and
a slight redshift to_the PL with tim&. The single-exponential calculated internal PL quantum efficiencies of the film
decay tpgether with ihe close agreement between PL.E .arbimples. These values were measured under 440 nm excita-
abs_o ption spectra allows the cqmputanon of the r"’Id""lt'veiion and were corrected using the PLE spectrum. They there-
lifetime 7,9 from the quantum efficiencyQE) and the ob- fore represent the maximum PL efficiency of the sample. In

et S 11
served PL lifetiMerops: Trag=7opd QE These results are . a1 the solution results, the internal quantum efficien-
also shown in Table I. The radiative lifetime is found to be

~1-2 ns for all polymers studied, similar to results reported
for substituted PPV in solutioff.

The concentration dependence of the PL spectuyspe)
and decay(lower) is demonstrated in Fig. 4 for PPyVPV.
The PL spectrum is nearly independent of concentration,

B. Fluorescence of solid samples: aggregate formation

TABLE Il. Measured external and calculated internal quantum
efficiencies for pyridine-based polymers. Internal quantum efficien-
cies were calculated assuming a refractive index of 1.9.

with the slight difference due to self-absorption at higher Polymer Ext. QF int. QF
emission energies. This concentration independence suggestByV 0.015 0.11
that the pyridine-based polymers do not have a strong terPpy 0.010 0.07
dency towards excimer formation. In contrast, in excimer-PPyVRC,;,H,e),V 0.040 0.29
forming systems like pyren&,redshifted excimer-like emis- PPYVROC,gHz9),V 0.003 0.02
sion usurps the single-molecule emission at relatively lowppyvRCOOGC, H,g),V 0.025 0.18

concentrationg<10 ° M). The PL decay at 2.6 eV of the
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FIG. 5. PL spectrum of solutiofdotted, powder(dashed and
film (solid) samples of PPy\Muppe), PPy (middle), and PPyVPV

(lower).
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tra depending on the preparation conditions. In particular,
spin-cast films, for which the solvent evaporates rapidly,
generally show less of a redshift than drop-cast films, for
which the solvent evaporates slowly.

Several intrinsic and extrinsic mechanisms that might pro-
duce a redshifted film spectrum can be ruled out. First, a
redshifted spectrum vs solution may simply result from the
fact that the index of refraction of the film sample is different
from that of the solutiori! This and related “solid-state”
phenomena are ruled out by the fact that the film and powder
spectra are different, despite similar refractive indices. Fur-
thermore, the effects of self-absorption can be ruled out, as
the film and powder samples have similar optical densities in
all cases. Oxygen contamination of film samples can also be
ruled out as the source of the redshift from infrared-
absorption studie® Indeed, the film samples were found to
be extremely resistant to photooxidatiomith the exception
of the OGg copolymeyj. Furthermore, attempts to deliber-
ately photo-oxidize the powder samples did not lead to a
redshifted PL spectrum for these samples. Finally, deep traps
due to residual solvent can be ruled out. The solvents used
for the casting of the PPyVPV film§rHF, chloroforn) are
quite volatile and are therefore not expected to remain in the
film samples. Attempts to remove residual solvent by a com-
bination of high vacuum and heating did not result in a re-
duced redshift for the film spectrum.

Although we have eliminated a number of factors which
might produce a redshift in film samples, a distinction be-
tween aggregate formation and excimer formation cannot be

cies of the films are all quite low, typically 1/2 to 1/3 of the made based on PL data alone. The concentration indepen-
solution value. The internal quantum efficiency of thedence of the solution data presented above are already sug-
PPYVROC,¢H39),V film is particularly low, only about 0.02. gestive of aggregate formation rather than excimer forma-
Infrared-absorption studies indicate that the origin of the exiion, as excimers are expected to form spontaneously in
tremely low efficiency in this particular copolymer is the solution; whereas aggregates usually result from “forced”

formation of G=0 sites due to oxygen exposufeThese
sites act as efficient luminescence quencheihe suscep-

interaction due to packing considerations. To fully rule out
excimer formation, however, one must examine other spec-

tibility of the OC,4 copolymer to oxygen attack is likely the troscopic properties. In particular, if excimer formation were
result of the electron-donating character of the sidegroupsesponsible for the redshifted emission of films, one would
Significant G=0 formation is not present in the other co- expect the absorption and PLE spectra of film samples to be
polymers or in PPyV and PPy.
The origin of the reduced quantum efficiency of films of the emission should be large in the case of the excimer.
becomes apparent when the cw spectroscopic properties 6 the other hand, since aggregates can be directly accessed
the film samples are compared with those of the solutionoptically, one expects redshifted absorption and PLE spectra
The PL spectrum of film(solid line) samples is compared and a relatively small Stokes shift for the emission in the

with that of solution(dotted and powderdashed for repre-
sentative pyridine-based polymers in Fig. 5Again, the

identical to those of solution. Furthermore, the Stokes shift

aggregate case.
The direct absorption spectra of solutiof@®tted, pow-

powder samples are distinguished from the film samples bgers(dashed and films(solid lineg are shown in Fig. 6 for
the fact that powder samples are precipitated from solutiothe same polymers as in the previous figure. The film absorp-
during polymerization. In all cases, the film spectrum is tion spectra are redshifted from the solution result by a simi-
redshifted by~0.5 eV vs solution and is featureless. In con-lar amount as in the case of the F&0.5 eV), showing
trast, the powder spectrum more closely resembles the soladditional low-energy oscillator strength below the solution

tion result in all cases, particularly in the case of PRvg-

absorption onset. While these spectra are not corrected for

per portion of the figure Below, we demonstrate that the reflection, the reflectivity of the samples was measured and
redshifted film spectra result from the formation of aggregateactually peaks well below the solution absorption edge.
states in these samples. The fact that the film and powderherefore, a reflection correction would actuadlyhancehe
spectra are different indicates that aggregate formation iabsorption spectrum below 2.5 eV in all cases. Additional
morphology dependenin addition to the difference between complications arise from scattering losses, which likely con-
films and powders, films cast from different solvents generiribute substantially to the tail of the absorption below 2.2 eV
ally display different PL spectra, again indicating a morphol-in the PPyV and PPyVPV spectra. Nevertheless, in the PPy

ogy dependence to the emission. Finally, films cast ftben

spectrum, where such losses are minimal, it is clear that the

same solvendlso have been seen to have different PL specfilm spectrum is substantially redshifted from the solution
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FIG. 6. Absorption spectrum of solutiodotted, powder FIG. 7. PLE spectrum of solutiofdotted, powder(dashegand
(dashed and film (solid) samples of PPy\(uppe), PPy (middle), film (solid) samples of PPy uppe), PPy (middle), and PPyVPV
and PPyVPV(lower). (lower).

result, indicating the presence of additional, low-energy, di-measure such effects, as the spectral purity of such a source
rectly accessible excitations in film samples. This result is inallows monitoring of emission wavelengths that are very
direct contrast with the expectations for excimer formation,close to the exciting line. An upper bound on the intrinsic
as in general excimers cannot be directly excited. Stokes shift can be obtained, however, by using a conven-
As with the PL spectra, the powder absorption spectraional PL spectrometer, which allows measurement of emis-
closely follow the solution spectra, particularly in the case ofsion to within 5 nm of the exciting line. The PL spectra at
PPyV. The PPy and PPyVPV powder absorption spectra derarying excitation energies are shown for films of the
viate somewhat from the solution result, as with the PL specpyridine-based polymers in Fig. 8. For the various spectra,
tra. Again, these results point to the morphology dependencihe exciting wavelength is indicated by the downward arrow.
of aggregate formation in these polymers. In all cases, substantial luminescence can be excited with
Figure 7 shows the PLE spectra for solutions, powdersow-energy radiation. Furthermore, the peak of the emission
and films of the various polymers. Here, the powder PLEunder low-energy excitation is different from that under
spectra are somewhat different from the corresponding solthigh-energy excitation, indicating site-selective effe@ts.,
tion spectra. This deviation reflects the fact the powdemultiple emitting sites in the sampleAn upper bound on the
samples are optically thick, whereas the solution samples aiiatrinsic Stokes shift can be estimated from the difference
optically thin. Unlike the absorption spectrum, which is es-between the excitation energy and the peak of the resulting
sentially the logarithm of the quantum efficiency for absorp-emission under low-energy excitation. For PPyV, the emis-
tion, the PLE directly measures the quantum efficiency forsion under 2.04 eV excitation is peaked at 1.98 eV, indicat-
emission(i.e., no logarithm involved resulting in a “flat-  ing that the intrinsic Stokes shift of the low-energy emission
tening” of the spectrum at high optical densities. The filmis a very small 60 meV. This is again in contrast with expec-
PLE spectra are dramatically different from the solutiontation for excimer emission, for which the Stokes shift
spectra, peaking in a region where the solution PLE andhould be quite largé~0.5 eV).
absorption are essentially zero. The peak of the film PLE is An additional argument for the formation of aggregates
close to the peak of the PL spectrum in all cases, suggestingomes from near-field scanning optical microscO$OM),
a small intrinsic Stokes shift. Again, the redshifted PLEa technique which allows direct spatial imaging of emission
spectra of film samples suggests additional, low-energy, diand absorption in polymer films to a resolution of 100
rectly accessible states in film samples, inconsistent with exam 3~ Recent NSOM measurements of PPyV films indi-
cimer formation. cate that emission is localized in partially aligned regions of
While the PLE spectra suggest a small Stokes shift for theéhe film of domain size~200 nm?! While this size is too
emitting species, this value can be directly measured usintarge to correspond to a single aggregate, it does suggest that
the site-selective fluorescence technique, as was discussedaggregates are most likely to form in aligned regions of the
the Introduction. Ideally, one should use a tunable laser tsample, as expected.
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FIG. 8. PL spectra of film samples of PPyWippe), PPy FIG. 10. PL decays of PPy\uppe), PPy (middle), and

(middle), and PPyVPMlower), demonstrating site-selective effects. PPYVPV (lowen) films excited at 2.8 eV. Decays are shown for 2.0
Arrows indicate excitation energy for each spectrum. and 2.6 eV emission, as indicated. Instrument respgtiRE) is
shown in the upper portion of the figure.
C. Time-resolved luminescence
spectra are shown in the lower frame. In comparison with the

We now consider the time evolution of the PL spectrum : )
in light of the cw results. As was mentioned above, the soSW SPectra, the 0 ps spectrum displays both solutior«@

lution PL decays are nearly single-exponential with a radia®Y) @nd aggregatelike2.0 eV) components in roughly equal

tive lifetime of 1-2 ns, and the decays are independent oproportions. By 250 ps, the solutionlike component is greatly

wavelength. In contrast, the film PL decays are highly nondiminished and by 1 ns has vanished. The aggregatelike

exponential and show a strong wavelength dependence. FigomPonent decays with littie or no spectral diffusion.
ure 9 displays the time evolution of the PL spectrum of a A complimentary picture, the evolution of the PL at fixed

PPyVPV film. For reference, the cw film and solution PL wavelength vs time delay, is shown for three representative
' polymers in Fig. 10. In all cases, the decays are highly non-

exponential at all wavelengths. The 2.6 eV solutionlike de-
T T T T T T cay is initially very fast, at the resolution of the experiment.

0ps (The instrument response is denoted IRF in the upper portion
i of the figure) This fast decay suggests rapid diffusion of
PPYVP(C15t,),V Film excitons to aggregate sites. The diffusion is likely facilitated
250 ps by efficient Foster transfer due to the strong overlap be-

tween the intrachain solutionlike emission and the aggregate
absorption® On the other hand, the 2.0 eV aggregatelike
emission is very long lived. The PPyVPV decay at this en-
1ns ergy has a time constant of about 2.5 ns, greater than the
predicted radiative lifetime of the solution emissi®@41 ps.
Similar long-lived decays are seen for PPyV and PPy films,
as seen in the figure. The very long-lived observed lifetime
for the aggregate emission, together with the low quantum
yield of the film PL, suggests that the radiative lifetime of
e the aggregate is much longer than that of the single-chain
15 20 25 3.0 emission. The~30% quantum vyield of the PPyVPV film
Energy (eV) emission places a lower bound of about 8 ns on the aggregate
radiative lifetime. From the Einstein relatiohsa longer ra-
FIG. 9. PL spectrum of PPyVPYV film at 0 ps, 250 ps, and 1 nsdiative lifetime is associated with a less allowed transition. A
delay following excitation at 2.8 eV. Lower frame shows cw PL less-allowed optical transition is expected for aggregates in
spectra of PPyVPV solutiofdotted and film (solid) samples. which the individual transition dipoles are aligned parallel to

PL Intensity

cw i
Film
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each other, as in a card-pack arrangent&itAs the longer

4 T T T
radiative lifetime indicates a lower probability for radiative 10
decay, provided nonradiative decay pathways are similar for 2 108 EANN 4
the aggregate and interchain emissiaripng radiative life- @ ]
time implies reduced quantum efficiency for the aggregate 2 102 3 E

Despite the presence of aggregates in the film samples, E 10! _

the film absorption spectrum is actually quite similar to that E| PPy E
of the solution(e.g., the absorption maxima are at nearly the 10° P
same energy indicating that 2.8 eV excitation creates 2 D Solution 3
mainly intrachain excitons in the films which later migrate to F\N, T Fim

the aggregate sites. Nevertheless, a rise to the aggregate
emission could not be detected in any of the samples studied.
The observation of such a rise is hindered by the very rapid

initial migration to aggregate sites, which is likely faster than F
the experimental resolution, as well as the spectral overlap 104
between the solutionlike and aggregate emission spectra. i

1102

PL Intensity

{ 10"

" 100

Substantial sub-50-ps migration to aggregate sites is evi- 2 10° ki

denced by the “0 ps” spectrum of the PPyVPV film, which g 102 i

suggests that at least half of the init{af50 p9 emission is z

from the aggregates. Since emission from aggregate excitons o 101 B
apparently occurs with lower quantum yield than the intrac- & 5| PPYVP(CipHo),V 3
hain emission, it can be concluded that the initlehsityof 100 A

0 2 4 6

excited aggregatef.e., the number of aggregates excited Delay (ns)

within the 50 ps resolutignis actually greater than the den-

sity of intrachain species. It is therefore not surprising that a

rise to the aggregate emission could not be detected. FIG. 11. Energy-integrated PL decays for PPypped, PPy
While the time-resolved data of the film samples is clearly(middle), and PPyVPMlower) films (solid lineg excited at 2.8 eV.

consistent with energy transfer from intrachain excitons toSolution decaysat PL maximum are shown for comparisofuot-

aggregate sites, it could be argued that such behavior is dgd lines.

artifact of exciton migration in an inhomogeneously broad-

ened density of states. In this scenario, excitons migrate tp|_ decay closely follows that of the solution, as is shown in

longer chains where the emission energy is lower but thghe |ower portion of Fig. 12. The small discrepancy between

radiative lifetime is essentially unchanged. It is important tothe solution and powder total PL decays is likely due to

I’u|e out thIS pOSSIbIlIty by Considering the behaVior Of theenhanced tr|p|et production in the powder Samﬁ}e’ﬁhese
total PL; i.e., by integrating out the energy dependence of the

PL to get the net change in the total exciton population. The
result is shown for the representative polymers in Fig. 11,

. . . . . . 7/)\ 104 E
where the total emission from the film sampleslid line) is *g : N
compared with that of the solution. In comparison to the g 10° SR 206V
single-exponential solution decay, the total film PL is again g : T
highly nonexponential, showing a rapid initial decay fol- Z 102§ o
rital, i 2 : 266V

lowed by a long-lived component. The retention of these g 10" b
features of the single-wavelength decays of Fig. 10 indicates 3 : PPyV Powder
that these decay components are not simply an artifact of o qq0 e
inhomogeneous broadening, but are due to the presence of 0 1 2
multiple emission componentmtrachain and aggregate Delay (ns)

The time evolution of the PL spectrum of powder samples B T .
is considered in Fig. 12. Here we only consider PPyV pow- € F PPyV 3
ders, which, from the cw PL data of Fig. 5, are the least 8 10° ki el e
affected by aggregate formation. The single-wavelength de- > , ” TR
cays of the powder samples retain much90%) of their D 10 ‘| . 3
single-exponential character of the solution; however, a .ol T ?g'“gon ]
spectral redshift is seen with time, again suggestive of exci- O E waer
ton migration. We note that the spectral diffusion in the pow- Qoqoo bt et
der samples is much less than that of the film samples: at 2 0 1 2

Delay (ns)

ns, the 2.0 eV powder emission is roughly two times the

emission at 2.6 eV, assuming both decays are normalized at
t=0. In contrast, for film samples, at 2 ns the 2.0 eV emis- FIG. 12. PL decays at 2.0 and 2.6 duppe) and energy-
sion is over one order of magnitude greater than the 2.6 eVhtegrated PL decaylower) for PPyV powder(dashed linesex-
emission. Furthermore, unlike in the case of the filmcited at 2.8 eV. Solution PL decd@.6 eV) is shown for compari-
samples, for the powder samples the t@gmlergy-integrated  son(dotted ling in the lower portion of the figure.
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D0 o e crystalline order in solution is suggestive of a card-pack ar-
[ PPyV — Film 4 rangement for the aggregate alluded to above, leading to a
—— Powder] less-allowed lowest optical transition.
"""" Substr. 1 In PPYVPV, liquid crystalline order is likely facilitated by
the hydrocarbon sidegroups, which may crystalize in films
] and concentrated solutions. Nevertheless, the formation of
N ] aggregates is not exclusively due to sidegroup crystalliza-
MmN ; tion, as PPyVPV polymers with noncrystallizing sidegroups
Ll ] also show aggregate formatiéh.Furthermore PPyV and
S — PPy do not possess any such sidegroups. Nevertheless, a
0 10 20 30 40 50 60 " : .
similar concept may explain the presence of aggregates in
20 (deg) the film samples of PPyV and PPy: films are cast from a
FIG. 13. X-ray-diffraction spectrum of PPyV powdétashed ~ “good” solvent leading to better interchain registry than in
and film (solid). Dotted line represents background due to off-axispowders, which precipitate from a “bad” solvent. While
Si substrate. X-ray wavelength is 0.154 fi@u K a). PPy is known to be rigid-rod-like in solutidf,thereby fa-
cilitating aggregation upon film formation, little is known
results suggest that the spectral diffusion observed in powdebout the conformation of PPyV in solution. Light-scattering
samples is an artifact of exciton migration in an inhomoge-studies of concentrated solutions will be helpful in cement-
neously broadened density of statésnd not due to the ing these ideas.
presence of multiple emission components, as would result
from aggregation. Therefore, the time-resolved data are con- IV. SUMMARY AND CONCLUSIONS

sistent with the observation that substantial aggregation does |, summary, cw spectroscopic results point to the exist-

not occur in PPyV powder samples. ence of low-energy sites in film samples, resulting in red-
shifted emission vs solution. The absence of these sites in

D. Morphology solution indicates that they originate from interchain interac-
Although the PPyV powder and film samples show Iarget'on‘ The fact that these sites can be directly accessed opti-

differences in their photophysical properties, their morpho—Cally rules out excimer f_ormation as their origin af‘d strongly
: rgues for the formation of aggregate sites in the film

logical properties are actually quite similar. Figure 13 showd? ; . :
the XRD spectrum of PPyV powdddashed ling and film samples. The fo'rmatlo'n of ag_greggtes is apparently detri-
(solid line), together with the contribution from the Si sub- mental to PL efficiencies, as is evidenced by the reduced

strate(dotted ling. Both the powder and film samples lack efficiencies of film samples vs solution. Time-resolved mea-

substantial structural order. On the other hand, the NSONUY'€Ments indicate rapitsub-50-p3 diffusion of intrachain

measurement$ discussed briefly above indicate large re- excitons to aggregate sites following photo.ex.cnat_lon..The
gions (~200 nn of gross alignment for the PPyV film long lifetime observed for the aggregate emission implies a
samples. We therefore suggest that the formation of aggré@ss-allowed lowest optlca_l transition f_or the aggregate, lead-
gates in the pyridine-based polymers is more closely relatelﬂg to_ the reduced PL eff|C|enc_y. While x-ray studies show
to liquid-crystalline order than crystalline order. that film samples lack crystalline order, NSOM measure-

PPyVPV samples have been shown to exhibit a sanidid"®Mts demonstrate the existence of large partially aligned
(boardlike liquid-crystalline  phase at  elevated €9ions in film samples where the aggregates are likely to

temperatureé? Preliminary measurements indicate thatform' We suggest that the formation of these aligned regions

PPyVPV is also liquid crystalline in solution in a variety of IS f;cilitjlted by trlle solvent Iflront: Vr\]’hiCh IFITe filrln ti_s cast. |
solvents®® We therefore suggest the following origin for the . di 0\;‘( ertaa;np es genterz? y et' ave like sohu llon sgmp es,
morphology dependence of aggregate formation in this syé—n ICating thal aggregate formation 1S morphology depen-

tem: powder samples are precipitated from a solvent irpem' The pqvv_ders are precipitated from poor splvents,
which the polymer is very poorly soluble, leading to a OIiS_thereby explaining the lack of aggregate formation in these

ordered, coil-like morphology. On the other hand, film samples in light of the discussion above. The results for pow-

samples are prepared from solvents in which the polymeger_samples demonstrate that aggregate forma_ltion may be
dissolves well, leading to liquid-crystalline order in concen—avo'ded in these systems by careful control of disorder.

trated solutions. As the solvent evgporatgs upon .film forma— ACKNOWLEDGMENT

tion, the correlations between neighboring chains persist,

leading to grossly aligned regions in the film. Aggregate sites This work was supported in part by the Office of Naval
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