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PHYSICAL REVIEW B 69, 035204 (2004

Exciton-exciton annihilation and the production of interchain species in conjugated
polymer films: Comparing the ultrafast stimulated emission and photoluminescence
dynamics of MEH-PPV

Ignacio B. Martini, Alex D. Smith, and Benjamin J. Schwartz
Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, California 90095-1569, USA
(Received 19 June 2003; revised manuscript received 9 September 2003; published 22 Jangary 2004

Despite the enormous versatility of conjugated polymers for use in optoelectronic devices and the corre-
spondingly large number of research studies on their photophysics, understanding of the fundamental nature of
the primary photoexcitations remains highly controversial. Part of the reason for this controversy stems from
the fact that the photophysics of conjugated polymer films depends sensitively on the excitation intensity,
making it difficult to compare the results of different experiments such as pump-probe stimulated emission
(SE) and time-resolved photoluminescen@l), which usually are performed at excitation intensities that
differ by orders of magnitude. In this paper, we present a detailed exploration of the pump-probe SE and
time-resolved PL dynamics of pd-methoxy 5F2'-ethylhexyloxyl-p-phenylene vinylene(MEH-PPV) films
under identical excitation conditions. Using an optically triggered streak camera, we are able to simultaneously
measure the PL and SE dynamics as a function of both excitation intensity and emission wavelength. Although
the SE and PL dynamics of dilute MEH-PPV solutions are identical, we find that even at relatively low
excitation intensities, the PL and SE dynamics of MEH-PPV films are different, uncovering the presence of an
interchain excited-state absorbing species that has dynamics distinct from the intrachain exciton. The number
of interchain absorbing species increases nonlinearly with excitation intensity, suggesting that interchain spe-
cies are formed both directly upon photoexcitation and as a by-product of exciton-exciton anniliEaEé).

A comparison of the emission dynamics of pristine and intentionally oxidized MEH-PPV films leads us to
conclude that there are multiple types of interchain species; we propose that the directly excited interchain
species are likely aggregates or excimers, while the interchain species produced by E-EA are best assigned to
polaron pairs. We also find that the wavelength dependence of the SE and PL from MEH-PPV films is
complex, both because energy migration leads to a dynamic redshift of the exciton emission and because the
rate of E-EA is higher for hotblue-emitting excitons than for thermalize@ted-emitting excitons. All the

results are compared in detail to previous work, providing a means to resolve many of the apparently contra-
dictory ideas in the literature concerning the photophysics of conjugated polymer films.

DOI: 10.1103/PhysRevB.69.035204 PACS nuniber78.47+p, 71.20.Rv, 78.45:h, 78.55.Kz

[. INTRODUCTION differing degrees of charge separatfrSecond, interchain
species might form in either the ground or electronic excited
The photophysics of semiconducting polymers is of greastates, _Ieadir)g to the possibility that interchain species could
interest due to the numerous potential optoelectronic appli?® excited directly as well as populated via energy transfer
cations for these materials. Understanding the nature of thg?mtgr?rlgﬁﬁ sler::?ées_gr]laclilr;heexgggfé-r:;rgﬁ;%ee fsoerg?rg%gn are
‘?F’“C"’?”y _prepared excited st of coryugated polymer . likely to be affected by the intensity of the excitation light
films is vital to the development of devices such as plasti gated polyni/%

Qsed to study the conju tn particular, neigh-
: e - 2 ; 4 ,
light-emitting diode$? (LED's) and solar cellS:* For ex- boring excitons at high excitation densities can interact via

ample, the direct photogeneration of separated charges in thgger processes, leading to nonradiative mechanisms for the
excited state is beneficial for conjugated polymer-based phajestruction of excitons that do not exist at low excitation
tovoltaics, but could prove detrimental to the electroluminesintensities. We refer to this type of process as “bimolecular
cence efficiency of polymer-based LED’s. As a result, therecombination” or “exciton-exciton annihilation{E-EA).®
photophysics of conjugated polymers! and, in particular, In what follows we will refer to two conjugated segments
that of poly2-methoxy 5F2’-ethylhexyloxyl-p-phenylene that share theirr electrons equally in the excited state as
. . « H » 15-17,39,53 H 2
vinylene (MEH-PPV) (Refs. 32—52 have been the subject “excimers and to adjacent segments with charge
of intense study. Despite all this effort, the answers to manyransfer characteii.e., a hole on one segment Coulombically
fundamental questions remain controversial, including théound to an electron on a neighboring segmest“polaron
degree of charge separation in the initially prepared excite@@irs” or “spatially indirect excitons.*~*" Interchain spe--
state and the role and origin of possible interchain electroni€ies in which ther-conjugated electrons are delocalized in
species. the ground state will be called “aggregate$>-2°4%
Answering these questions is challenging for several rea- ) ) o )
sons. First, there are multiple ways in which excited neigh-A' Controversy over interchain species in conjugated polymers
boring conjugated polymer chromophores can interact, lead- With all the different possibilities for interchain species
ing to the possibility of interchain electronic species with and their dependence on excitation intensity, it is not surpris-
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ing that different results in the literature point to different intensities?’***®This sensitivity to film morphology can ex-
and often conflicting conclusions. For example, McBranchplain much of the controversy over the photophysics of con-
and co-workers, who studied the photophysics of an oligojugated polymer films, since different research groups tend to
mer of MEH-PPV, have argued that interchain species ar@rocess their polymer films in different ways, so that differ-
formed in semiconducting polymers only at high excitationent groups have studied films with different degrees of inter-
intensitiesi®~12 In other words, McBranch and co-workers chain interactiorf>“°

believe that interchain species either form only as a by- Although differences in film morphology can explain
product of E-EA or are created directly from doubly excited MUch of the controversy in the literature, there are still sev-
excitons. Similar conclusions have been offered by Dentoff@! fundamental questions concerning the electronic struc-
etal® and Stevensetal® based on intensity- and ture of conjugated polyme_rs that remain to be an_swere_d. For
wavelength-dependent studies of the photophysics of unsulgX@mple, what are the excited-state spectral manifestations of
stituted PPV and polyfluorene derivatives, respectively. jfnterchain species? Do interchain species exist at low excita-

contrast, Rothberg and co-workers, who studied both MERLion intensities, or are high intensities required for their cre-
PPV solutions and films. believe that a large fraction&tion? What is the connection between E-EA and the exis-

(=50%) of very weakly emissive interchain species are pro-€NC€ of interchain species? In this paper, we will address

duced directly upon excitation, even at very low excitationt"€S€ questions by performing a detailed study of the photo-

intensities’>~°*Rothberg and co-workers have alternately aslUminescencePL) and stimulated emissiofSE) dynamics

signed the interchain species both as exciflersd polaron of MEH-PPV films under identical experimental conditions.
32-37 J'he results allow us to uncover the presence of an interchain

pairs; and have been able to explain the photophysic X o : ,
they observe with a simple two-species motél’ A related electronic absorption in the region where the polymer emits
and to investigate the behavior of this absorption as a func-

conclusion concerning the direct production of polarons ha

been reached by Heeger and co-workers, whose investigHQn of excitation intensity. We find that interchain species
tions of the absorption of infrared-active vibratiohRAV's ) are created both directly upon excitation and as a by-product

in MEH-PPV films suggest that at least 10% of the excita-Cf E-EA, providing a means to tie together many of the open

tions result in the direct production of separated chafg&s, duestions in the literature.
We have summarized many of the details of the controversy
over interchain species in semiconducting polymers in recent
reviews*>46

In an effort to reconcile many of the conflicting results, To place our results in context, we first briefly review the
we previously performed a series of studies investigating th@ature of the photophysics of conjugated polymers, focusing
photophysics of MEH-PP\(Refs. 44—48 and related con- our attention on MEH-PPV. The simple&nd least contro-
jugated polymer§-3'as a function of the conformation of the versia) place to begin is with an examination of the behavior
polymer chains. We found that under conditions where thef isolated conjugated polymer chains in dilute solution. It is
polymer coils interpenetrate, conjugated polymer solutiongenerally accepted that the electronic structure of isolated
show the spectral signaturésieak red-shifted absorption conjugated polymer chains in dilute solution is dominated by
and emission of the formation of ground-state interchain singlet intrachain excitons. In ultrafast pump-probe experi-
aggregated** Thus, solutions with increased chain inter- ments, the presence of excitons can be monitored both
penetration(e.g., solutions with high concentrations of poly- by SE, at wavelengths in the visible where the exciton
mers that form relatively open coffor solutions in which  luminesces, and by photoinduced absorpti®®), via an
the chains are driven together by the addition ofexcited-state absorption band. For MEH-PPV, the singlet-
nonsolvents 23353y show increased chromophore aggrega-exciton PA occurs in the near infrared, peaking near 800
tion, while solutions with poorer chain overlgp.g., solu- nm1%323349Excitons also can be monitored through their
tions of polymers in poor solvents with tight chain coils or emission dynamics via time-correlated single-photon
solutions of conjugated ionomers in which the chain coilscounting"'®*°(TCSPQ or fluorescence upconversidh* If
have been collaps&ll show little chromophore aggregation. the chromophores are isolated in dilute solution, then there
We also have argued that the degree of chromophore aggrshould be minimal formation of interchain spectés® lead-
gation in solution survives the spin-coating process and peiling to the expectation of identical relaxation dynamics for
sists into the filnf®#® a result consistent with more recent the SE, PA, and PL, each of which simply reflect the excited-
studies of single MEH-PPV moleculé$:*®Thus conjugated state lifetime of the exciton.
polymer films cast from solutions with different solvents or  Figure 1 compares the decay dynamics of the SE moni-
different polymer concentrations have different degrees ofored at 580 nnjopen symbolsand the spectrally integrated
interchain interaction. Differences in the degree of interchairPL (solid and dashed curvest two pump intensities that
interaction in conjugated polymer films with different pro- differ by over an order of magnitude for a dilute solution of
cessing histories, in turn, lead to different photophysical andMEH-PPV in chlorobenzene. When the instrument response
electrical properties, including changes in exciton lifetimeis taken into accountsee Sec. Il beloyf? each of the four
and emission quantum efficien®3/’° variations in carrier traces in Fig. 1 fits well to a single-exponential decay with a
mobility,>"*®alterations of the ability of the films to undergo 315-ps time constant, in agreement with previously pub-
lasing or amplified spontaneous emissiort:and modifica-  lished data for this systefi:***°The identical kinetics ob-
tion of the degree to which E-EA can occur at high excitationserved in all four traces confirms the picture that only a

B. Basic features of conjugated polymer photophysics
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MEH-PPV in chlorobenzene following excitation witk100-fs
light pulsee at 490 nm at two different excitation intensities. The
emission dynamics are measured simultaneously in two different
ways: via pump-probe stimulated emissi(8E) using a 580-nm
prpbe pulse(open §ymbol}sand via spectr.ally integrated photolu- cast from chlorobenzene onto an ITO-coated glass substrate mea-
mlnesce_nce_(PL)_ using a streak camer(aol_ld and das_he_d curv)?s sured using the streak camergA) The spectrally integrated PL
The excitation intensities for each experiment are indicated in th%ecay at a low excitation intensity-0.025 uJ/cn?, dotted curve a
legend. medium excitation intensity~0.16 uJ/cn? dashed curve and a

single excited-state species, the singlet exciton, is presefigh excitation intensity(~0.64 wdlent, solid curve; the three
when the chains are isolated in dilute solution. This finding iscurves are normalized to the same amplitude=. (B) Spectrally
consistent with the conclusions reached in studies of a Varﬁelected portions of the PL spectrum at the same high intensity as in

ety of semiconductin olvmer svstems b SeveraI(A); the two_ curves are nc_)rmalized to the same intensity at
y 16,25,35,44,49 g poy y y t=200; seeFig. 3 for the definitions of the “red(dashed curve

groups. ot )
In addition to the simple decay kinetics, the absence of’md blue” (solid curve portions of the PL spectrum.

any intensity dependence to the emission dynamics in Fig. 1
shows that E-EA does not occur when the MEH-PPV chrothe remaining excitons to encounter one another, the exciton
mophores are isolated in solution. This makes sense in lighiecay rate approaches that of isolated excitons created at low
of the fact that exciton diffusion along the backbone of aexcitation densities.
conjugated polymer chain is much slower tharrser en- In addition to the strong sensitivity to excitation intensity,
ergy transfer between chaifi$®* excitons simply cannot the photophysics of conjugated polymer filifigit not solu-
diffuse far enough during their lifetime to find each other andtions) are also highly dependent on detection wavelength.
annihilate when the chains are isolated. In fact, the intensitjrigure 2B) shows spectrally selected PL dynamics from the
independence of the photophysics extends over a muctame MEH-PPV film studied in Fig.(&), collecting only
larger range than indicated in Fig. 1: the PL dynamics ofthe red(dashed curveor blue (solid curvg portions of the
dilute solutions of conjugated polymers measured with TC-emission spectrunicf. Fig. 3, below. The data indicate
SPC or upconversion agree well with those measured iglearly that the PL dynamics depends on wavelength, with
pump-probe SE experiments, even though the excitation irthe blue portion of the emission showing a much faster decay
tensities in pump-probe experiments are typically more thamt early times than the red portion of the emission. This
two orders of magnitude higher than those used to measuresults from the close contact between the polymer chains in
the PL dynamics. the film environment that allows for rapidForstep energy

In contrast to the simple photophysical behavior in dilutemigration from higher-energy to lower-energy sites. The
solution, the photophysics of conjugated polymer films israpid energy transfer gives rise to spectral diffusion that re-
strongly dependent on excitation intensity. FiguréAR sults in a faster initial decay of the higher-energy portion of
shows the spectrally integrated PL decay that results fronthe fluorescence spectrum, as also has been observed by sev-
excitation of an MEH-PPV film spin cast from chloroben- eral groups?-214142
zene at three different pump fluences. The PL decay is The final difference between the photophysics of conju-
clearly intensity dependent, with the initial part of the decaygated polymers in solutions and films is evident in the fact
becoming faster at higher excitation intensities. This type othat conjugated polymers have much lower PL quantum
intensity-dependent change in the emission dynamics is thgields in films than in solution. This could result either from
classic signature of E-EA and has been observed by mangxciton-exciton annihilation, which nonradiatively lowers
groups in a wide variety of semiconducting polymer the population of excitons at early times in films, but not in
system$ 13273146t early times, the concentration of exci- solution, or from the existence of poorly emissive interchain
tons is the highest, and the close proximity of neighboringspecies, which occur only in films. For all the possible types
excitons in the film allows for rapid E-EA. As the nearby of interchain species—aggregates, excimers, or polaron
excitons annihilate and it becomes increasingly difficult forpairs—the delocalization of electron density between chains

> 2
= —PL ~3.5 pJ/icm?2 2= N\ — 0.64 pJiem? (A)
2 _ ~-PL-02 2 2 2 |\&. V- - 06 em2
22 ¢ SE ~0.2 pJicm?2 &> \":.'.\h_'_"' D9 pJiem
£ 5 O SE ~3.5ud/lem? =g S
[ o i - < o _-.v:f.:.\::.::\‘,
L9 a VJ 3
2< i | | |
5, o (B)
) ) . . G = — Blue PL
0 400 800 £21 | == RedPL
Time (ps) -
el
FIG. 1. Excited-state emission dynamics of a dilute solution of u
0

50 100 150 200
Time (ps)

FIG. 2. Excited-state PL dynamics of an MEH-PPV film spin
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leads to the expectation of a redshifted emission with exehain species with distinct PA dynamics in the emission re-
tremely low quantum vyield*1622:3%4%53Thys conjugated gion do exist in conjugated polymer films. The magnitude of
polymer films have lower PL quantum yields than conju-the interchain PA increases nonlinearly with excitation inten-
gated polymer solutions either because a significant fractiosity, suggesting that interchain species can be formed both
of the directly excited species are interchain or because directly upon excitation and as a by-product of E-EA. More-
significant fraction of the emissive excitons migrate to lower-over, we also measure SE and PL at different spectral posi-
energy interchain sites. tions, and we find a noticeable wavelength dependence to the
decay dynamics. This result implies that the photophysics of
conjugated polymer films in the visible part of the spectrum
C. Spectral signature of interchain species in conjugated is characterized by an intricate competition between many
polymer films processes, including: a dynamic spectral shift of the inter-
In addition to their low emission quantum yield, inter- ch&in PA, wavelength-dependent E-EA, intensity-dependent
chain species in conjugated polymer films also are characteproduction of interchain species, and exciton migration
ized by a distinct excited-state absorption or interchain PAthrough an inhomogeneous density of states. Thus we con-
Thus, in principle, it should be possible to distinguish theclude that no simple single dynamical picture can describe

dynamics of the intrachain and interchain species by sepdl'® Photophysics of conjugated polymer films.
rately monitoring the emission dynamics of the intrachain
exciton and the PA of the interchain species. Unfortunately,
the interchain PA nearly always occurs to the red of the poly-
mer’s ground-state absorption spectrum, where it overlaps The time-resolved SE experiments presented in this paper
with both the exciton emission and exciton PA balftié?  were performed with a femtosecond laser system that has
This leads to spectral congestion that makes it difficult tobeen described previoug!§Briefly, the laser system consists
sort out the contributions from intrachain and interchain speeof a regeneratively amplified Ti:sapphire laser that produces
cies in pump-probe SE or PA experiments. Alternatively, one~1-mJ pulses at 780 nm of120-fs duration at a 1-kHz
could monitor the intrachain exciton dynamics using time-repetition rate. About 80% of the fundamental light was used
resolved PL, but the excitation intensities used to measur® pump an optical parametric amplifi@@PA) that generates
PL via upconversion or TCSPC are so much lower than thosanable signal and idler beams in the infrared. Excitation
used to measure PA in pump-probe experiments that there mulses in the 470-500-nm range were generated by sum-
no simple way to account for differences in dynamics due tdrequency mixing of the signal beam from the OPA with the
E-EA, let alone the possible intensity-dependent productiomesidual 780-nm fundamental light. Probe pulses in the 580—
of interchain species. 640-nm range were produced either by second-harmonic

Clearly, to unravel the photophysics of interchain speciegeneration of the OPA signal beam or by sum-frequency
in conjugated polymer films, it is important to measure bothmixing of the idler beam from the OPA with the residual
emission and absorption dynamics under identical excitatiofundamental. The probe pulses were split into signal and
conditions. In particular, it is constructive to measure the PLreference beams that were detected with matched Si photo-
and pump-probe dynamics at the same wavelengths and ediodes and digitized on a shot-by-shot basis using a fast-
citation intensities. This is because the pump-probe signal igated current-integrating analog-to-digital converter.
the emission region consists of a sum of SE gain from the Time-resolved PL experiments were performed with the
intrachain exciton and excited-state absorption from any inaid of an optically triggered streak camefAxis Photo-
terchain electronic species. If the dynamics of the emissivaique. The camera consists of a sensitive photocathode fol-
excitons are also monitored via PL, then the difference belowed by ion focusing optics that accelerate the photoelec-
tween the PL and SE signals contains direct informatiortrons towards a phosphor screen. During the electrons’ flight
about the dynamics of the interchain PA. In other words, iftowards the phosphor screen, a linear voltage ramp is applied
the PL and SE decays are identical, as in Fig. 1, then onlyo a pair of deflection plates. The electrons that arrive first
intrachain excitons are present following excitation. How-are thus deflected less than those that arrive later in time, so
ever, if the PL and SE decays do not agree, then the diffetthat when the electrons reach the phosphor screen they are
ence between them must be a direct reflection of the presenspread out into a line or streak. The light from the streak on
of an interchain PA whose dynamics are distinct from thosdghe phosphor screen is recorded and digitized by a charge-
of the emissive intrachain exciton. coupled-devicgCCD) camera, providing a signal that con-

In this paper, we describe a detailed investigation of thesists of amplitudgproportional to the number of electrgns
PL and SE dynamics of MEH-PPV films. By taking advan- as a function of CCD pixel positiofproportional to the ar-
tage of an optically triggered streak camera, we are able taval time). The relation between the pixel position and time
simultaneously measure the PL and SE dynamics, so that tHe-0.3 ps/pixel for the sweep rate used in most of our experi-
excitation intensity and geometry are identical for both meaiments is determined by the slope of the voltage ramp ap-
surements. We then explore the PL and SE dynamics dflied to deflect the photoelectrons. We measured the pixel
MEH-PPV films as a function of both excitation intensity position/time conversion factor by scattering some of the ex-
and detection wavelength. We find that even at relatively lowcitation light into the camera and then changing the arrival
excitation intensities the PL and SE measurements show sigime of the excitation pulse using an optical delay. This cali-
nificantly different decay dynamics, indicating that inter- bration also served to verify the linearity of the voltage ramp

Il. EXPERIMENTAL SETUP
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over the range of CCD pixels at which the PL signal was

collected. - — CwPL
In principle, for collection of PL following a single laser z w+++ Red PL
. X =) ---- Blue PL
shot, the time resolution of the streak camera should be equal 3 _ _ 640-nm
to the temporal width of the excitation pulse. In practice, < Ss'f,(',"n",ﬁe
however, it is nearly impossible to measure streaks from a Z ~ ” SE Probe
single laser shot at the excitation intensities we wish to ex- g
c

plore, so averaging over multiple streaks is required. When
averaging at a 1-kHz repetition rate, jitter between the arrival
time of the excitation pulse and the start of the linear voltage
ramp on different laser shots limits the time resolution of the
averaged experiment. For the experiments reported here,
triggering of the voltage ramp could be done in one of two FIG. 3. Steady-state PL spectrum of an MEH-PPV film cast
ways. For experiments where a wide dynamic range in timérom chlorobenzenésolid curvg and spectrally selected portions
(=200 ps is required, the voltage ramp was triggered elec-of the PL spectrum using optical filters: the “red” portion of
tronically with a digital delay generator synchronized to thethe PL(dark dotted curvepeaks at 640 nm, whereas the “blue”
switch-out Pakels cell of the regenerative amplifier. This portion of the PL(light dotted ling peaks at 580 nm. The spectra
provides a shot-to-shot jitter when averaging-e50 ps, as  of the 580-nm(light dashed curveand 640-nndark dashed curye
seen in the PL traces in Fig.®4 For higher-time resolution Probe pulses used for the pump-probe SE experiments are also
experiments, the voltage ramp was triggered optically by th&hown.
arrival of the remaining 20% of the 780-nm fundamental
laser pulses onto a pair of photoconductive switches. WitHluences reported in each figure should be accurate to within
optical triggering, the shot-to-shot jitter is limited only by the a few percent. We also note that the size of our pump-probe
transit time of the carriers in the photoconductive switchessignals seems to be a bit larger than those reported in other
resulting in a time resolution of-3 ps, but experiments in  work in the literaturé>~% leading us to conclude that the
this mode are limited to times<200 ps. Low-jitter optical fluences we report here are likely systematically underesti-
triggering was used for all the PL data shown in this papemated.
except those in Fig. 1. Steady-state PL spectra also were obtained under identical
The key results of this paper are related to our ability toexcitation conditions as the time-resolved data by deflecting
measure SE and PL dynamics under the same experimentile emission that would have struck the streak camera
conditions. In all the data presented below, SE and Plcathode into an optical fiber connected to a spectrophotom-
experiments were performed with identical sample excitatioreter (Ocean Optics In both the SE and PL experiments,
geometries and at identical excitation intensities. To dahe relative polarizations of the excitation and protoge
this, the MEH-PPV film samples were placed a¥5° emitted light were set at the magic angle 54.7° to avoid
with respect to the propagation direction of the incomingartifacts due to reorientation of the dipole of the emitting
excitation laser pulse. For SE experiments, the prob&pecies. For experiments investigating only a spectral portion
beam was detected in transmission, while PL was collectedf the PL, absorptive glass filter6€Schot} were placed
at 90° from the excitation beam using a 50-mm-focal-lengthin front of the streak camera photocathode; the filters
camera lens. To avoid scatter, the SE probe beanwere removed when collecting the spectrally integrated
was blocked during PL collection. To minimize deleteriousPL. We emphasize that the width of the spectral sections
effects from photo-oxidative damage, all of the experimentsneasured is considerable and may limit the precision
were performed(except where noted for the investigation of the spectrally selected PL measurements because of
of photodamaged samplesinder dynamic vacuum in a nonuniformity in the spectral response of the streak camera’s
three-window optical cryostat. To further minimize potential photocathode.
damage, the samples were excited through the subdtrate, MEH-PPV was synthesized according to literature
and excitation intensities were kept lower thandDcnf at  procedure®® and had an average molecular weight
all times46 of 190000 g/mol. All polymer processing, handling,
Our determination of the excitation fluence dependsand characterization were performed either in the inert
heavily on the laser spot size, which we estimated byatmosphere of a nitrogen dry box or under dynamic vacuum
measuring the transmission of the excitation beam througin the optical cryostat. The MEH-PPV films used for all
a calibrated pinhole placed at the position of the samplethe experiments were spin cast from chlorobenzene solution
The size of the pump-probe signals we measured, typicallpnto ITO-coated glass substrates. The ITO-coated substrates
~5x10"% o.d. at a calculated excitation fluence of were chosen because the high refractive index of ITO
~1 pJdient, however, varied from sample to sample and dayprevents waveguiding of the PL in the film that leads to
to day for a given calculated excitation fluence. Given theamplified spontaneous emissiGhwhich could interfere with
uncertainties in measuring both the pulse energy at théhe high-intensity dynamics being studied in the present
sample and the spot size, we believe that the absolute flexperimentgat low excitation intensities, we found that the
ences reported in this paper are accurate only to within &L dynamics of MEH-PPV films on ITO and glass were
factor of ~5. Despite this uncertainty, however, the relativeidentica). A few experiments were performed on films that

500 550 600 650 700 750 800
Wavelength (nm)
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as the thin dotted lindwhich overlaps the open circles
> Second, the analytical multiexponential function extracted
2 _ from the fit was then numerically reconvoluted with-8-ps
PC.’. % Gaussian that is characteristic of the streak camera instru-
=] ,‘ mental response. The result of this reconvolution is shown in
og ¢ O 580-nm SE Fig. 4 as the thin dashed curye/hich overlaps the solid
B g ¢ g:lz‘?.tpl‘ diamonds at times<3 p9; this curve represents the SE decay
5 /(f) o ReC(I)nV SE as it would have appeared if measured with the time resolu-
0 ® . — , . tion of the streak camera.
5 0 5 10 15 20 The decay of the blue PL in Fig. 4 clearly does not match
Time (ps) the reconvoluted 580-nm SE signal at times as early as 5

ps: the PL decays more quickly than the SE. At longer

FIG. 4. Comparison between the simultaneously collected SHimes, however, the two signals become pardhet shown.

dynamics probing at 580 nifopen circleg and the “blue” PL dy-  This suggests that the PL signal monitors a fdstv-ps
namics (solid diamonds for an MEH-PPV film cast from photophysical event in the semiconducting polymer film that
chlorobenzene excited at 490 nm collected simultaneously at & jnvisible in the 580-nm-probe SE experiment and that the
relatively low excitation intensitf~1 wJ/cnf). The dotted curve two experiments monitor identical kinetics at longer times.
is a multiexponential fit to the SE data, and the dashed line isp/e assign the early-time difference to energy migration,
the reconvolution of the fit with a-3-ps Gaussian characteristic \hich we believe should be a much more important contri-
of the time resolution of the PL experiments; see text for details,) ;11 to the PL signal than to the SE. This is because im-
(Ref. 7. mediately after ultrafast laser excitation, the PL spectrum of

. . - . MEH-PPV films has considerable amplitude at wavelengths
were intentionally photo-oxidized by simultaneous exposure)| \ar than the steady-state PL spectrire., significant am-

to light and air. All the experiments were performed at roomplitude to the blue of 550 nm; cf. Fig.)3%# This blue-

temperature. shifted PL component, which is the emission from higher-

energy excitons, decays in a few ps as migration to lower-

Ill. RESULTS AND DISCUSSION energy sites occurs via Eter energy transfer. The rapid
PL decay observed in Fig. 4 occurs on a time scale con-
sistent with others’ assignment of early-time energy

To uncover the presence of interchain species in the ulmigration!®-?1*1The SE data in Fig. 4 are not sensitive to
trafast photophysics of MEH-PPV films, we begin by com-this early-time energy transfer because they do not contain
paring the decay dynamics of selected spectral portions dhformation about hot exciton emission to the blue of the
the PL to pump-probe SE results collected using a probsteady-state spectrum, probing only the cooler exciton dy-
wavelength in the same region of the spectrum. Figure 3iamics near 580 nm.
outlines the spectral regions employed for the To further test this assignment of the fast blue PL decay
experiments: the thick solid curve shows the steady-stattrom MEH-PPV films to early-time energy transfer, we col-
PL spectrum of the MEH-PPV film and the dotted curveslected a series of PL decay traces using long-pass optical
show the steady-state PL collected through selected opticéilters to cut different portions of the bluest part of the col-
color filters. We will refer to the portion of the filtered emis- lected emission. We found that as we removed the bluest part
sion that has its intensity maximum near 580 nm as thef the emission(not shown, the fast part of the blue PL
“blue” PL and the portion of the filtered emission that peaks decay became smaller in amplitude, approaching that of the
near 640 nm as the “red” PL. The two dashed curves showeconvoluted SE as the spectrum of the collected PL ap-
the spectra of the two probe laser pulses used in the pumpproaches that of the 580-nm probe pulse. In other words, the
probe SE experiments, centered around 580 and 640 nrdata in Figs. 28) and 4 show the limiting case where all the
respectively. blue emission is collected, providing the most dramatic con-

Figure 4 compares the decay of the blue @blid dia-  tribution of energy migration to the PL decay. We performed
monds to the simultaneously collected 580-nm $&pen  similar experiments on MEH-PPV solutions and found an
circles at a relatively low excitation intensity~1 uJ/cnf);  almost negligible dependence of the PL decay rate on the
the two traces are normalized to the same value at the emisollection wavelength, verifying that the early-time decay of
sion maximum. A direct comparison of the SE and PL data ighe PL signal in the film results from interchain energy trans-
not straightforward because of the large difference in timefer. We note that it was not possible to directly compare the
resolution of the two experimental techniques: the SE dat®L and SE dynamics at the very blue edge of the emission
are taken at-0.3-ps time resolution, whereas the PL dataspectrum because overlap of the probe pulse with the
suffer from the~3-ps jitter of the optical trigger on the ground-state absorption of MEH-PPV led to contamination
streak camera. Thus, to better compare the two sets of dataf the pump-probe signal with ground-state bleaching dy-
we have developed the following mathematical proce-namics.
dure: First, the SE signal was fit to a multiexponential Figure 5 compares the pump-probe dynamics of MEH-
function convoluted with a 0.3-ps Gaussian representing thePV films monitored at 640 nm to the dynamics of the red
pump-probe instrument responSehe fit is shown in Fig. 4 portion of the PL(cf. Fig. 3 at both a low excitation inten-

A. Comparing the PL and SE dynamics of MEH-PPV films
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econv. tion of an MEH-PPV film cast from chlorobenzene excited at 490

nm. Panel/A) shows the two “blue” PL decays, normalized to the
same amplitude at=0; panel(B) shows the two “red” PL decays,
scaled to the same value of the “blue” PL decay at 150(as
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o shown more clearly by the reversed time axistime at which only
0 singlet intrachain excitons are expected to contribute to the signals.
O ]
00050~ ~
00
0 who concluded that the red PL signal consists of a superpo-
: : : : : sition of a rising component from the migrating excitons plus
0 10 20 30 40 a comparable decaying component caused by changes in the

vibronic structure of the PL spectrum as the hot excitons

cool 19t is also possible, as we will discuss in the next
FIG. 5. Comparison between the simultaneously collected SES€Ction, that E-EA has different effects at the blue and red

dynamics probing at 640 nrfopen circles and the “red” PL dy-  Portions of the spectrum, leading to an apparent enhance-

namics (solid diamonds for an MEH-PPV film cast from chlo- ment of the fast decay of the blue PL.
robenzene excited at 490 nm. Pa@®) shows the normalized com- In addition to the small rise in the SE, the red SE/PL data

parison at a relatively low excitation intensity-0.7 wJ/cn?), and  in Fig. 5 show an even more significant difference from the
panel(B) shows the comparison at a high excitation intensitg blue SE/PL data in Fig. 4: the 640-nm SE decays faster
wdicnf). In both panels, the dashed curves represent the SE dathan the red PL, exactly the opposite of what was observed
with the effective time resolution of the streak camera used to meafor the blue SE/PL. Moreover, Fig. 5 shows that the differ-
sure the PL; see text for detailRef. 7J). ence between the red SE and PL grows larger with time,
rather than becoming constant with time as was the case for
sity [panel(A)] and a high excitation intensifpanel(B)]; as  the blue SE/PL. Since energy transfer does not play an im-
with Fig. 4, the open circles show the pump-probe SE dataportant role in the emission dynamics at wavelengths this red
the solid diamonds show the time-resolved PL, and thet times longer than a few picoseconds, the difference in
dashed curves show the effective SE data at the streak carflynamics between the 640-nm SE and the red PL must arise
era’s time resolution using the reconvolution procedure. Unfrom the presence of a nonemissive species that absorbs at
like the 580-nm pump-probe data in Fig. 4, which begins640 nm and has dynamics that are distinct from the excitons
decaying immediately after the instrument response, the lowesponsible for the PL. Since the PL and SE dynamics are
intensity 640-nm pump-probe data in Fig(A9, after an identical for isolated MEH-PPV chains in solution at all
instrument-limited turn-on, continues to increase for a fewwavelengths, the SE/PL difference observed in Fig. 5 for
picoseconds before beginning to decay. This rising feature J¥IEH-PPV films provides direct proof for the existence of an
the emission is not evident in the red Rar reconvoluted excited interchain species that has its PA in the emission
SE) dynamics because it takes place on a time scale fastéegion. Moreover, the fact that the difference between the SE
than the instrument resolution of the streak camera. The mogtnd PL becomes more pronounced at higher excitation inten-
plausible origin of this fast rise component in the pump-sities[Fig. 5B)] suggests that the interchain species respon-
probe data is energy migration. It makes sense that excitogible for the PA in this region has intensity-dependent behav-
migration from blue-emitting to red-emitting sites would ior, as we discuss in the next section.
produce a delayed appearance of emission on the red portion
of the spectrum: this is the same process that produces the
fast decay of the blue emission seen in Fig)2and 4.
Although this assignment makes sense, it is not immediately
clear why the rise of the red PL is much less distinct than the We saw above in Fig.(2) that the PL dynamics of MEH-
corresponding disappearance of the blue PL. The fact that tHePV films is sensitive to the excitation intensity due to the
rise of the red emission is difficult to see also has been inpossibility that exciton-exciton annihilation can take place
vestigated via fluorescence upconversion by several groupghen the polymer chains are closely packed in the film en-

Time (ps)

B. Intensity-dependent photophysics and exciton-exciton
annihilation in MEH-PPV films
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vironment. Since the data presented in Figs. 4 did &ere
taken at relatively low excitation intensities, we have confi-
dence in our assignment that the fast emission decay at blue
wavelengths and SE rise at red wavelengths are due largely
(although not entirelyto energy migration. At higher exci-
tation intensities, however, the photophysics of MEH-PPV
films becomes more complex, exhibiting a combination of
both energy migration and E-EA. This can be seen in Fig. 6,
which compares the PL dynamics for the same red and blue
portions of the emission spectrum indicated in Fig@8d
studied in Figs. 4 and)5at two excitation intensities that
differ by a factor of~20.

In the left panel of Fig. 6, the dynamics of the blue PL at
the two different intensities are shown normalized to the

maximum Qf each signal. In the right _panel_(_)f Fig. 6, the  F1G. 7. Comparison of pump-probe SE dynamics probing at 640
corresponding red PL traces at both intensities are showgm at three different excitation intensities for an MEH-PPV film
(with the time axis reversgdcaled to match their blue coun- cast from chlorobenzene excited at 490 nm. The three traces at a
terparts at a time long enough-150 p3 that neither energy low intensity (~0.7 wJ/cn?, solid circles, a medium intensity
migration nor E-EA should play a significant role, so that(~1.5 uJ/cnt, open diamonds and a high intensity~3.0 uJ/cn?)
only emission from thermalized intrachain excitons contrib-are normalized to the same amplitudetat0. The main panel
utes to the signals. When normalized in this fashion, there ishows a magnification of the long-time part of the pump-probe data,
a clear difference in the heights of the red PL signals at timevhile the inset shows the early-time portion. The dotted curves are
zero. This height difference indicates that the effects of E-EAlts to the data meant to guide the eye.
are not uniform across the emission spectrum of MEH-PPV . .
films: the fast initial decay at high excitation intensities is o strongly correlated with the presence of charge carriers
y g

. o that give rise to photoconductivity than thermalized
more pronounced on the blue side of the emission spectrur .38
than on the red side of the emission spectrum. This suggests Finall3./
that E-EA is more efficient on the blue side of the '

spectrum: In other words, blue-emittifigot) excitons that

-Change in 640-nm QD

100 200 300 400 500
Time (ps)

the enhancement of E-EA on the blue side of
the spectrum may also be responsible for the fact that

. the amplitude of the fast blue PL decay does not precisely
have not yet undergone Fter energy transfer have a faster j5¢cp the amplitude of the fast red PL rise, as mentioned

rate of E-EA than red-emittingthermalizedl excitons pro- above. In other words, the rapid decay of the blue PL

duced by energy migratioff. To the best of our knowledge [such as that seen in Fig(B] observed by many groups
this is the first experimental demonstration of higher exciton-may arise not just from energy migration, but from a

exciton annihilation efficiency for high-energy excitons, combination of energy migration and the enhanced E-EA of
which indicates that hot excitons have a higher mobility thany, ;¢ excitons.
thermalized excitons. The fact that E-EA is important to the photophysics of

The variation in the efficiency of E-EA with emission ey ppy films also allows us to understand the intensity
wavelength also explains the fact that different groups havﬂependence of the red SE and PL explored in Fig. 5
measured bimolecular recombination coefficients for conjurne creation of the interchain species is reflected by.thé

gated polymer films that differ by over an order of
magnitude® 192746 The bimolecular recombination coeffi-
cient (B) is obtained by fitting the experimental results to a
nonlinear differential equation that describes the time
dependent population density of emissive excit6hs:

difference in the dynamics measured by these two experi-
mental techniques. Figure 5 shows that not only is the
difference between the red SE and PL at high excitation
‘intensities larger in amplitude than the difference at lower
intensities, but also that the SE/PL difference increases faster
with time at higher excitation intensities; for example,
ERLANEITS (1) the dashed line and solid diamonds start to diverge-Byps
dt T\t ' in Fig. 5B), but not for~20 ps in Fig. BA). This suggests
that the nonemissive interchain species responsible for
where the only adjustable parameters are the intrachain exae PA at this wavelength are created as a by-product
citon fluorescence lifetimé7) and the bimolecular coeffi- of E-EA: the number of interchain absorbing species
cient(B). The data for the different spectral regions in Fig. 6grows nonlinearly with increasing excitation intensity, as
were fit to Eq.(1) using a global value for, but allowing3  would be expected for a bimolecular reaction. This idea of
to vary between to the two sets of data. The bimoleculainterchain species being created as a by-product of E-EA
recombination coefficient that best fit the blue PL decay wass in line with the arguments published by McBranch and
found to be 60% higher than the bestgifor the red region  co-workers®-12
of the spectruni? The fact that E-EA is not uniform across  We can learn more about the interchain species respon-
the emission spectrum fits well with the conclusionssible for the PA by taking advantage of the fact that the
of stimulated photoconductivity depletion experimentslifetime of interchain species is typically much longer than
by Rothberg and co-workers, who found that hot excitons arghat of the intrachain exciton. Thus, at some point following

N N B
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dashed curvgsat two different excitation intensities for an inten- 8 o
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tionally oxidized MEH-PPV film excited at 490 nm; the excitation
intensities are indicated in the figure legend.

excitation, the long-lived interchain absorption component of (B) .
the pump-probe signal will be larger than the stimulated f t t } =
emission component from the shorter-lived intrachain exci- 100 200 300 400 500
tons, causing the pump-probe signal to change sign from Time (ps)
negative(net SE gainto positive(net transient absorption
Figure 7 shows the long-time portion of 640-nm pump-probe FIG. 9. Comparison of the pump-probe SE dynamics at both
experiments on MEH-PPV films at three different excitation600 nm(open circles and 640 nm(solid diamondsfor an MEH-
intensities; the three traces are normalized at time zero, &PV film cast from chlorobenzene excited at 490 nm. SE decay
shown in the inset. Even for the scan-af.7 ,u,chmz [the monitoring at 600 nrr(open.circle}sandl 640 nm(solid diamond}
same as in Fig. )], the SE gain transforms into a net PaneI(A_)_shc_)ws the short-tlme_ dynamlcs,.whereag paBekhows
absorption at times longer tham400 ps, indicating that even a magnlflcatl_cm of the longer-time dynamics. Th_e inset to péBel _
at the lowest pump intensity for which we can reliably mea-ShOWS the_S|_muItaneoust collected RL dynamics for both experi-
sure SE, interchain species are present. In addition, Fig. FENtS: Verifying that the two SE experiments were performed at the
shows that as the excitation intensity is increased, the poin%ame excitation intensity.
at which the SE gains turns over to the net absorption shiftshow a very early turn-over of the signal from SE gain to
to progressively earlier times. Since E-EA should not affectransient absorption: the turnover occurs at delay times
the dynamics at times>100 ps, this shift of the crossover ranging from 20 to 80 ps depending on the degree of sample
point confirms that the number of interchain species formeaxidation and the intensity of the excitation pulgdso see,
scales nonlinearly with excitation intensity. for example, Fig. 10 in Ref. 46 Since we know that the
species responsible for the PA in the oxidized films are po-
larons, this result suggests that the interchain species created
by E-EA in pristine samples, which show a similar behavior,
are also associated with polarons and, thus, likely consist of
The results presented above, in conjunction with the ideapolaron pairs. This fits well with the idea that in pristine
of McBranch and co-worket$'?and Dentoret al,”® sug-  films, the Auger interaction between two excitons produces a
gest that interchain species can be formed as a byproduct dbubly excited exciton that has more than enough energy to
E-EA. This leads to the question of the nature of the interdissociate, producing the same spectral signature as when
chain species formed by E-EA, and whether or not the interdissociation is caused by interaction with a defect. This rea-
chain species are better described as a neutrally delocalizadning is also consistent with the observations of Heeger
excimer or a charge-separated polaron pair. To explore thiand co-workers, who have argued that at least 10% of the
question, we also performed a series of experiments on irexcitations at typical pump-probe excitation intensities
tentionally oxidized MEH-PPV films. It is well known that produce the infrared absorptive signatures associated with
the carbonyl groups along the polymer backbone that resufolarons>®>
from oxidative damage are good electron tr&hS. Thus, Given that interchain polaron pairs are formed in conju-
excitons that encounter carbonyl defects are readily split intgated polymer films at high excitation intensities as by-
charge-separated species or polaron pairs, leading to a lowproducts of E-EA or by the dissociation of doubly excited
PL quantum vyield. Figure 8 shows the results of ourintrachain excitons, the question remains as to whether or not
intensity-dependent PL experiments on intentionally oxi-polaron pairs or other types of interchain species are formed
dized MEH-PPV films. As expected, the PL decay of thedirectly upon excitation, even at low intensities. Figure 7
oxidized films was both faster and less sensitive to excitatioshows that even at the lowest excitation intensities at which
intensity than the PL decay of pristine filff&*®:">Moreover,  we could perform pump-probe experimeritaiculated flu-
our pump-probe experiments on oxidized MEH-PPV filmsences that are subd/cnf),’® the spectral signatures of an

C. Nature of the absorbing interchain species
in MEH-PPV films
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interchain PA with dynamics distinct from the emissive ex-wavelengths investigated in Fig. 9. Thus the directly excited
citon are obvious. In addition, the results presented in Fig. Tterchain PA appears instrument limited with little ampli-

show that the absorption offset at long times does not deperigde at 600 nm, but a higher amplitude at 640 nm. As the
on intensity to the same degree as the initial decay of the Siterchain PA shifts to the blue, its amplitude rises faster at
signal. This suggests the presence of a directly excited inteR00 nm than at 640 nm, explaining the apparently faster
chain species with a PA distinct from that of the interchaindecay of the SE at 600 nm. Once the interchain PA has
species produced by E-EA. ceased shifting, however, its amplitude is comparable at 640

The idea that there can be more than one kind of interf’mdb 6OQ nrr|1,texpla|r1t|ngb whyt.the crossovctar gf t?ethpump—
chain species in conjugated polymer films is consistent wit robe sighal fo a net absorption occurs at about the same

: . fime at the two wavelengths.
previous work from our group where we used a near-fiel ; . . .
scanning optical microscopfNSOM)-based solvatochromic The propo_seq blue_shlft of the '”teFCha.“” PA might be the
technique to determine the dipole moment of the Weakb;esult of cooling if the interchain species is formed hot or the

emitting interchain species in thermally annealed MEH-PP\}t)IuehSh'ﬁ m|ght be 'E.d'ﬁag've OJ.;he prtesbence tqf multlp![e n- d
films. The results provided evidence for multiple interchain erchain species, which have difierent absorption spectra an

species with vastly different excited-state dipoles, rangin ppear at different rates. For example, if polaron pairs absorb
from near zero(consistent with excimejsto ~12—15 D o the blue of interchain excimers or aggregates, then the

; : ; layed appearance of polarons as the byproduct of E-EA
E)c;orls‘llstz;\tzl;/v \I/t\?e paclilsaorofrgupna:jlrse\\;\i/glgrs]gecgirrgeilgng:Eggre%téjV%uld lead to a dynamic blueshift of the interchain PA,

third-harmonic generation experiments that ground-statg\’hiCh was initially due to 'directly excited expimers or ag-
aggregates also exist in annealed MEH-PPV fffns gregates. Although these ideas are speculative, the different
This previous work, taken together with work from pump-probe dynamics 0bse4ré/ed in Fig. 9 v_enfy that even
other group¥2°5L and with the results presented aboVe'mdependent of morpholody;*® the photophysics of conju-

leads us to a picture of the interchain behavior of conjugate@ated polymers IS .comple>.<, charactgnzed by a mixture of
exciton emission, interchain absorption, energy migration,

olymer films in which excimers and aggregates are
Fheydominant interchain species at low excita%i%n ?ntensities‘r,’md wavelength-dependent E-EA.
but polaron pairs dominate at higher excitation intensities
or in films with significant numbers of exciton-dissociating
defects. In summary, we have simultaneously measured the SE
Figure 9 tests the idea that there are multiple types ofnd PL dynamics of MEH-PPV films as a function of exci-
interchain excited states in films of conjugated polymers bytation intensity and spectral position. We found that for low-
comparing the results of two different pump-probe experi-intensity excitation, energy migration of hot intrachain exci-
ments at probe wavelengths that are very close in energyons dominates the emission dynamics of the higher-energy
The short-time pump-probe dynamics, presented in Figportion of the PL spectrum at early times, whereas the low-
9(A), shows an initial fast decay at 600 nm that is absent agnergy portion of the spectrum reflects the dynamics of ther-
640 nm. The difference looks similar to what might be ex-malized excitons. At high excitation intensities, on the other
pected at a single probe wavelength at two different excitahand, E-EA emerges as a process that causes exciton popu-
tion intensities. However, the spectrally integrated PL dy-lation decay at early times in competition with energy migra-
namics monitored during each of the pump-probe s¢gitgs  tion. Moreover, we found that E-EA occurs more efficiently
9(B), insef for the two experiments match perfectly, verify- for hot excitons, implying that hot excitons have a higher
ing that the two pump-probe scans were taken at the sanmaobility than thermalized excitons. In addition, our compari-
excitation intensity. The two probe wavelengths are alsson of SE and PL dynamics under the same excitation con-
spaced closely enough in energy that differences in thelitions clearly showed that nonemissive interchain species
rate of energy migration or E-EA should be negligible. Thusare created as a by-product of E-EA. By performing similar
the faster early-time pump-probe decay dynamics at 640 nraxperiments on intentionally oxidized samples, we assigned
relative to 600 nm likely result either from changes inthe interchain absorbing species produced by E-EA to po-
the vibronic structure of the emission during cooffif or  laron pairs. The results also suggest that the interchain PA
from differences in the dynamics of the underlying interchainundergoes a dynamic shift to the blue at early times. Finally,
PA at the two probe wavelengths, or from a combinationwe believe that other kinds of interchain species, such as
of both. excimers and aggregates, are created directly upon excita-
How can the interchain PA explain the wavelength-tion, even at low excitation intensities.
dependent pump-probe dynamics observed in Fig. 9? The In combination, the dependence on morphology and the
decay of the pump-probe signal at 600 nm is faster than thatomplexity of the excited-state dynamics can lead to many
at 640 nm[Fig. 9A)], but the 640-nm signal transforms into pitfalls in interpreting the photophysics of conjugated poly-
an absorption signal at a similar delay time as the 600-nnmer films. Photoexcitation of semiconducting polymer films
signal[Fig. 9B)]. These two facts can be reconciled by ar-can result in energy migration and thermalization of hot ex-
guing that the spectrum of the interchain PA undergoes aitons, wavelength-dependent E-EA, and a dynamically
dynamic shift to the blue. We expect interchain speciesshifting PA from different interchain species such as exci-
whether polaron pairs or excimers, to have their absorptiomers, aggregates, and polaron pairs. All of these processes
maximum in the near IR232334%tg the red of the probe have distinct photophysical signatures that heavily overlap in

IV. CONCLUSIONS
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